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Abstract
Carbon monoxide (CO) is primarily known for being a toxic gas. However, CO is used
by microorganisms as an electron or carbon source in a variety of respiratory processes.
Different kinds of microorganisms utilize CO aerobically and anaerobically, using two distinct
CO dehydrogenases (CODHs). Aerobes oxidize CO using a molybdenum-dependent
dehydrogenase (Mo-CODH), while anaerobes utilize a nickel-dependent CO dehydrogenase (NiCODH). Studies of the biochemistry and microbiology of aerobic and anaerobic CO oxidation
are extensive, but relatively little is known about the ecology of anaerobic CO oxidation. In an
effort to test new hypotheses about the ecology of anaerobic CO oxidation, a series of studies
was undertaken using diverse soils and sediments that provided novel insights about the activity
and biogeography of the process, its temperature sensitivity, and the diversity of microbial
communities that participate in anaerobic CO uptake. CO uptake assays used low (10 ppm) CO
concentrations under aerobic and anaerobic conditions, and high (25%) CO concentrations under
anaerobic conditions at 25 °C and 60 °C. Anaerobic CO uptake occurred across all sites with low
CO concentrations, even in recent volcanic deposits. Anaerobic CO uptake at high
concentrations exhibited more variability. However, anaerobic CO uptake occurred in
mesothermal and psychrothermal sites as well as in hot spring systems, suggesting that this
process occurs in a wider range of environments and across a broader temperature range than
previously reported. Analyses of microbial communities based on 16S rRNA gene sequences
reveal distinct responses to elevated temperature, but less of response to elevated CO
concentrations. However, there were enriched taxa, including known and putative Ni-dependent
CO oxidizers, suggesting that anaerobic CO oxidizers may be more diverse than previously
imagined.
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Chapter 1. Introduction
Carbon monoxide (CO), best known as a toxic gas, likely played important roles in the
origin of life (Abelson, 1966; Miyakawa et al., 2002). CO in Earth’s early atmosphere would
have been favorable for prebiotic synthesis (Miyakawa et al., 2002). Sources of CO in the
atmosphere come from natural and anthropogenic processes. Some of the sources of CO in the
atmosphere from natural processes include aquatic environments, forest fires, volcanic gases,
natural gases, soils and plants (Badr & Probert, 1994). CO resulting from anthropogenic sources
include fossil fuel use in transportation, power generation, and industrial processes (Badr &
Probert, 1994). Prior to 1990, estimations indicated CO in the atmosphere increased at a rate of
about 0.8% to 1.4% per year (Khalil & Rasmussen, 1988). However, since the 1990s, CO in the
atmosphere has declined (Petrenko et al., 2013; Wang et al., 2012). From 2000-2017, Zheng et
al. (2019) estimated that atmospheric CO concentrations continue to decrease. From this
reduction of atmospheric CO concentration, it is presumed that CO will remain an atmospheric
trace gas with concentrations below 1 ppm.
CO is involved in microbial biogeochemistry through oxidative reactions, both
aerobically and anaerobically. Aerobically, microorganisms can couple CO oxidation with
oxygen or nitrate reduction (King & Weber, 2007). Anaerobically, various microbial respiratory
processes are coupled to the oxidation of CO, including hydrogenogenesis, acetogenesis,
desulfurication, and methanogenesis; each process produces diverse end-products (Oelgeschläger
& Rother, 2008). The CO fluxes that occur through these processes may have great impacts on
CO dynamics in the atmosphere. Globally, microorganisms active in soils consume about 10% of
annual CO emissions (King & Weber, 2007).

1

There are two distinct CO dehydrogenase (CODH) systems that mediate CO oxidation.
CO oxidation in aerobes requires a molybdenum-dependent CO dehydrogenase (Mo-CODH),
facilitating oxygen- or nitrate-coupled CO oxidation. The Mo-CODH is formed from a
monofunctional, enzyme complex composed of the coxL subunit (molybdenum protein), a
flavoprotein, and an iron-sulfur protein (FeSP) (Robb & Techtmann, 2018). Conversely, CO
oxidation in anaerobes uses a nickel-dependent CO dehydrogenase (Ni-CODH). The
biochemistry, physiology, and genetics of the Ni-CODH have been thoroughly documented
(Dobbek, 2018; Hadj-Saïd et al., 2015; Inoue et al., 2019; Ragsdale & Pierce, 2008). Ni-CODH
has a Ni catalytic site with sulfur in a cubane center [Ni-4Fe-5S] called the C-cluster (Dobbek et
al., 2001). Unlike Mo-CODH, Ni-CODH can be monofunctional or bifunctional. For those that
are bifunctional, Ni-CODH form complexes to produce acetyl-CoA and H2 (Dobbek et al., 2001;
Robb & Techtmann, 2018).
Aerobic CO oxidation occurs by a broad group of bacteria, referred to as molybdenumdependent CO oxidizers (Mo-COX) (King & Weber, 2007). CO oxidizers are grouped into two
major groups, carboxydotrophs and carboxydovores. Carboxydovores oxidize CO but cannot
grow with CO concentrations > 1%. However, carboxydotrophs can use elevated CO
concentrations for growth (King & Weber, 2007). Mo-COX are comprised of both groups from
the phyla Proteobacteria, Actinobacteria, and Firmicutes (King & Weber, 2007).
Anaerobic CO oxidation occurs by a more limited group of bacteria, primarily from the
phylum Firmicutes. Evidence from isolates that are able to oxidize CO anaerobically indicates
that this process may be primarily thermophilic. Anaerobic CO oxidizers are able to utilize high
CO concentrations as a carbon source, making them carboxydotrophs (Alves et al., 2013;
Novikov et al., 2011; Slepova et al., 2006; Sokolova et al., 2002; Sokolova et al., 2004, 2009).

2

Brady et al. (2015) used stable isotope probing to show that microorganisms capable of using CO
for growth are likely ubiquitous in geothermal springs; other studies have also shown this
process readily occurs in hot springs (Kochetkova et al., 2011; Yoneda et al., 2015). In addition,
there was evidence that the genera Thermincola, Desulfotomaculum, Thermolithobacter, and
Carboxydocella are responsible for utilizing the CO in geothermal hot springs (Brady et al.,
2015). These genera are known from cultivation studies as being carboxydotrophs. There are
some exceptions of non-thermophilic bacteria capable of anaerobic CO uptake, a few acetogens
and Clostridium species (Diekert & Thauer, 1978; Geerligs et al., 1987; Genthner & Bryant,
1982). There has also been evidence that purple non-sulfur bacteria can utilize CO during
anoxygenic photosynthesis (Uffen, 1976). More recently, genomic surveys have shown that NiCODH is present in taxa not known to oxidize CO (Inoue et al., 2019). This suggests that the
diversity of anaerobic CO oxidizers, which is largely gathered from cultivation studies and
surveys of hot springs, is under reported.
Early in successional development after a volcanic eruption, when organic matter is poor,
CO and hydrogen are consumed under aerobic conditions (King, 2003; King et al., 2008). CO
oxidizing communities and activity vary with age and vegetation (King, 2003; King et al., 2008).
Less is known about the role of anaerobic CO uptake in successional development. Previous
studies of anaerobic CO oxidation focus on marine and extreme terrestrial systems (Baker et al.,
2016; Hoshino & Inagaki, 2017; Kochetkova et al., 2011; Omae et al., 2019; Yoneda et al.,
2015). With limited studies, the ecological distribution, diversity, biogeochemical significance,
and biogeography of anaerobic CO uptake are poorly known. The goal of this work was to
provide insights into the extent of which Ni-dependent CO oxidation occurs in situ, as well as
provide important insights into the characteristics of Ni-dependent carboxydotrophs. Chapter two
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of this thesis focuses on the extent to which varying stages of successional development has on
anaerobic CO uptake following a volcanic eruption. Chapter three explores the biogeography of
anaerobic CO uptake in diverse soils and sediments.
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Chapter 2. Anaerobic Carbon Monoxide Uptake by Microbial Communities
in Volcanic Deposits at Different Stages of Successional Development on Oyama Volcano, Miyake-jima, Japan
2.1. Introduction
Microbes colonize fresh volcanic deposits (e.g., lava, cinders, and ash) as soon as
temperature, moisture, and nutrient regimes become permissive. However, organic matter, which
is initially absent, partially determines the pace of colonization and can severely limit microbial
biomass, diversity, and activity long after deposition has occurred (King, 2003). Organic matter
availability in turn depends on the development of algal and vascular plant communities, which
arise in concert with microbial communities. In the absence of organic matter, atmospheric trace
gases and inorganic reductants can promote survival and even growth of some bacterial
populations (Fujimura et al., 2016; King, 2003). A variety of organic poor deposits on Kilauea
(Hawai’i, USA) and O-yama (Miyake-jima, Japan) volcanoes have been reported to consume
molecular hydrogen and CO (King, 2003; King et al., 2008). Uptake rates for both gases were
sufficient to account for a significant fraction of overall metabolic activity. Hydrogen and CO
uptake also contribute to microbial communities in other organic limited systems, including cold
and hot desert soils (Cordero et al., 2019; Ji et al., 2017).
Under aerobic conditions, a phylogenetically broad group of bacteria oxidize CO to CO2
using molybdenum-dependent CO dehydrogenases (Mo-CODH) (King & Weber, 2007).
Carboxidotrophic CO oxidizers couple high CO concentrations to growth, but many CO
oxidizers (termed carboxidovores) use relatively low CO concentrations and are incapable of
CO-dependent growth (King & Weber, 2007). Mo-dependent CO oxidation occurs ubiquitously

This chapter was previously published as DePoy, A.N., G.M. King, and H. Ohta. (2020).
Anaerobic Carbon Monoxide Uptake by Microbial Communities in Volcanic Deposits at
Different Stages of Succession Development on O-yama Volcano, Miyake-jima, Japan.
Microorganisms. 9(12), 1-18. https://dx.doi.org/10.3390/microorganisms9010012
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in terrestrial and aquatic systems and affects atmospheric CO concentrations by consuming about
10% of the annual atmospheric flux on a global basis (King, 1999).
Under anoxic conditions, well characterized nickel-dependent CODHs (Ni-CODH)
(Bertsch & Müller, 2015; Diender et al., 2015; Ragsdale, 2004) oxidize CO to diverse end
products, including CO2 + H2 (hydrogenogenesis), acetate (acetogenesis), and methane + CO2
(methanogenesis). Sulfidogens and some iron-reducing bacteria can also oxidize CO to CO2
using Ni-CODH (Diender et al., 2015), while the purple non-sulfur bacteria can use CO as an
electron donor during anoxygenic photosynthesis (Uffen, 1976). In all of these cases, high CO
concentrations can support growth.
Although they are metabolically diverse, Ni-dependent CO oxidizers (Ni-COX) have
been primarily cultivated from the thermophilic Firmicutes (Sokolova et al., 2009) with the first
novel thermophilic Crenarchaeote reported only recently (Kochetkova et al., 2020). A
metagenomic, stable isotope probing analysis of several hot springs (45 °C–65 °C) confirmed
Ni-COX dominance by Firmicutes, but also revealed Betaproteobacteria affiliated with Azonexus
in a spring at 45 °C (Brady et al., 2015). Mesophilic examples otherwise include a few
Proteobacterial anoxygenic phototrophs (Techtmann et al., 2011; Wawrousek et al., 2014) and a
small number of clostridia, among them Clostridium difficile (Köpke et al., 2013). These
observations suggest that Ni-COX distributions and activity in situ might be constrained
primarily to geothermally-heated aquatic and terrestrial systems. However, genome surveys have
revealed Ni-CODH in numerous phyla and classes not previously known for carboxidotrophy
(Inoue et al., 2019), so the diversity and distribution of Ni-COX might prove far greater than
previously imagined.
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Regardless, little is known about the potential activity of Ni-COX or their impacts on CO
cycling. Some insights might be inferred from existing knowledge of acetogens, methanogens,
and sulfidogens, but these studies typically do not address CO transformations specifically
(Drake et al., 2002). Results from studies of hydrogenogenic CO oxidation also offer useful
insights, but they are basically confined to extreme terrestrial and marine systems (Baker et al.,
2016; Hoshino & Inagaki, 2017; Kochetkova et al., 2011; Omae et al., 2019; Yoneda et al.,
2015).
We report here results from a comparative analysis of aerobic (Mo-dependent) and
anaerobic (Ni-dependent) CO uptake with 10 ppm CO, and Ni-dependent CO uptake at ambient
temperature and 60 °C with 25% CO. CO uptake assays were conducted using samples from Oyama Volcano on Miyake-jima Island (Japan); one site was comprised of a mature forest on an
approximately 800-year-old volcanic deposit; two additional sites were impacted by a recent
eruption (July–August 2000). Plant colonization on one of the younger sites was extensive while
colonization of the other was sparse and patchy. Results enabled tests of hypotheses that: (1) Modependent CO uptake capacity exceeds that for Ni-dependent CO uptake at low CO
concentrations; (2) thermophilic CO uptake capacity exceeds that for mesophiles; (3) CO uptake
rates at 10 ppm and 25% concentrations increase with organic matter and plant development in
volcanic deposits. The second and third hypotheses were confirmed, while the first was not. In
addition, we described microbial community composition across all sites (derived from 16S
rRNA gene sequences) and responses of communities to both temperature shifts and elevated
CO. Community responses to both variables were distinct for each of the sites and revealed
potentially novel Ni-COX diversity.
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2.2. Materials and Methods
2.2.1. Site Descriptions, Sample Collection and Processing
Three previously described sites were sampled on O-yama Volcano (Miyake-jima,
Japan): OY, IG-7 and CL (Fujita et al., 2003; Kamijo & Hashiba, 2003; King et al., 2008).
Briefly, O-yama erupted explosively in July–August 2000, resulting in extensive ash and tephra
deposits and SO2 emissions (Fujita et al., 2003; Nakada et al., 2005). Sites OY (34.0802 N,
139.5190 E) and IG-7 (34.0894 N, 139.5141 E) were located near the volcano summit (about
600 m and 540 m, respectively) and were vegetated prior to the eruption; both were heavily
impacted by ash fall with a loss of vegetation cover; OY was more heavily affected by SO2
emissions than IG-7. At the time of sampling, OY supported patchy vegetation, while IG-7
supported dense stands of the grass, Miscanthus condensatus. CL (34.1119 N, 139.5015 E;
approximately 120 m) was relatively unaffected by the eruption, and was dominated by Itajii
chinkapin, Castanopsis sieboldii, in a climax forest on lava flows >800 years old. Triplicate
samples from the upper 5 cm depth interval from all sites were collected with a small ethanolsterilized spatula in March 2019. Samples were stored in Ziplock bags at ambient temperature
and transferred to a laboratory at Louisiana State University where they were held at ambient
temperature for further processing (about 1 week).
2.2.2. CO Uptake Assays
Replicate samples from each site were used to create four sets of treatments, each with
triplicates. All treatments were initiated by transferring 5 g fresh weight (gfw) samples to 60 mL
serum bottles that were sealed with blue butyl rubber stoppers. Two treatments involved
incubations with aerobic or anaerobic headspaces containing approximately 10 ppm CO added
from 1000 ppm oxygen-free or air stocks as appropriate. Anaerobic headspaces were established
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by flushing with deoxygenated nitrogen, while aerobic headspaces were comprised of ambient
air. After adding CO, the serum bottles were incubated statically at ambient temperature, and the
bottle headspaces were sub-sampled at suitable intervals with air- or nitrogen-flushed needles
and syringes as appropriate. CO concentrations were analyzed using a Peak Laboratories (Mt.
View, CA, USA) Peak Performer 1 equipped with a reduced gas detector and a Molecular Sieve
5A column (1 m X 6.25 mm outside diameter (OD) stainless steel) operated at 120 °C with an
ultrahigh purity air carrier gas. CO uptake was followed until concentrations reached ambient or
sub-ambient levels. Uptake rates were determined by linear regression analysis of concentration
changes during the early phase of incubation. CO uptake rates were expressed on a dry weight
basis.
Two separate trials with two additional sets of triplicates from each site were established
using 60 mL serum bottles, the headspaces of which were flushed with deoxygenated nitrogen.
CO was added from a 100% stock to a final concentration of 25%. One set of bottles for each site
was incubated statically at ambient temperature while the other set was incubated statically at 60
°C. Headspaces were sampled at intervals with a nitrogen-flushed needle and syringe for CO
analysis using an SGI 8610C Gas Chromatograph (Folsom, CA, USA) equipped with a thermal
conductivity detector and a Molecular Sieve 5A column (2 m X 6.25 mm OD stainless steel)
operated at 60 °C. Maximum CO uptake rates were estimated from linear regression analyses of
CO concentrations or in some cases from the products of first-order uptake rate constants and
initial CO concentrations. These analyses excluded periods during which there were initial lags
in uptake.
Since some replicates in both trials from IG-7 and OY did not consume 25% CO under
some conditions while all replicates oxidized CO at 10 ppm, a separate analysis was used to
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assess the possibility of inhibition at elevated CO concentrations. Sets of triplicates were
prepared as above for IG-7 and OY. OY headspace CO was adjusted to concentrations of 1%,
5%, 15%, or 25%, and sets of triplicates at each concentration were incubated at 25 °C or 60 °C.
Sets of triplicates from IG-7 were incubated at 25 °C with headspace CO concentrations of 0.1%,
1%, 5%, 15%, and 25% CO. CO concentrations were assayed at intervals as described above.
2.2.3. Soil Analyses
Water contents were determined after drying soil sub-samples in an oven at 80 °C for >48
h. Organic matter contents were estimated using “mass loss on ignition” of oven-dried samples
combusted at 550 °C for 3 h in a muffle furnace (Ball, 1964; Davies, 1974). Sample pH values
were measured using slurries with a 1:2 ratio of soil and deionized water and a Beckman ion
analyzer. All assays were conducted in triplicate for each site.
2.2.4. DNA Extraction, Sequencing, and Analysis
Responses of microbial communities to CO additions and elevated temperature were
assessed using the four sets of triplicate samples from each of sites CL, IG-7, and OY that were
used in the second trial analysis of CO uptake rates. Two sets from each site were incubated at
ambient temperature with or without 25% CO as described previously, and two additional sets
were incubated with or without 25% CO at 60 °C. CO concentrations were monitored as before.
After terminating the CO uptake assays, soil sub-samples were collected from each of the
replicates and treatments and stored at -80 °C until they were extracted using a DNeasy
PowerSoil extraction kit (Qiagen Inc., Hilden, Germany) following the manufacturer’s
instructions. Extracted DNA was visualized by gel electrophoresis and then shipped on dry ice to
the Research Technology Support Facility at Michigan State University for multiplexed
sequencing of the V4–V5 region of the 16S rRNA genes using primers 515f and 806r with an
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Illumina Miseq platform (San Diego, CA, USA) with a 2 X 250 bp paired end chemistry (Kozich
et al., 2013).
Sequences were processed with the DADA2 pipeline (Callahan et al., 2016). The SILVA
v 132 database was used for classification (Quast et al., 2013). Sequencing yielded a total of
2,689,759 reads, which have been deposited with the NCBI SRA as PRJNA673894. After
processing sequences through the DADA2 pipeline there were 1,944,382 total reads. One
sample, “OY_No_CO 60 °C_2”, had only 28 reads and was removed from any further analyses.
After removal of this sample, reads varied from 444 to 128,803. Analyses and visualizations
were conducted using the phyloseq R package (McMurdie & Holmes, 2013). Prior to analysis,
the most informative amplicon sequence variants (ASVs) were selected based on abundance and
variance (at least four counts in 10% of the samples). To preserve the information in the samples
with <2000 reads for beta diversity and taxonomic analyses these samples were separated before
filtering. For alpha diversity estimates (Chao1 (richness) and the Shannon Index (abundance and
evenness)), the data were rarefied to the minimum sample size. This rarefaction removed reads
<10,609. For beta diversity analyses, two different data transformations were used with filtered
data, a centered log ratio transformation (CLR) (Gloor et al., 2017) and a Hellinger
transformation (Legendre & Gallagher, 2001). Both sets of transformed data were ordinated
using Redundancy analysis (RDA).
2.2.5. Statistical Analyses
Sites that had at least one replicate with CO uptake were included in the statistical
analysis. Replicates that had no CO uptake at 25% CO were assigned a zero rate. Therefore, CO
uptake rates for 25% concentrations were transformed prior to statistical analyses using a log(1 +
x) method, while uptake rates for 10 ppm CO were transformed with log(x). For 10 ppm CO
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treatments, uptake rates among sites were compared using a one-way ANOVA for each
treatment, oxic and anoxic. To assess differences between treatments at each site, uptake rates
were compared using a two-way ANOVA with an interaction between site and treatment.
Similarly, 25% CO treatment uptake rates among sites were compared using a one-way ANOVA
for each temperature, 25 °C and 60 °C. For taxonomic results, a Student’s t-test was run for
genera that varied markedly between no exogenous CO and 25% CO treatments. For beta
diversity metrics, a PERMANOVA was run on each distance matrix (Hellinger and Aitchison)
with interactions between site, temperature, and CO.
2.3. Results
2.3.1. CO uptake
CO uptake rates at 10 ppm were used to compare potential oxic (Mo-CODH) and anoxic
(Ni-CODH) activities. At all sites and for both treatments, CO uptake occurred with no
observable lag. Anoxic uptake rates varied from 0.6 nmol gdw−1 d−1 at OY to 39.8 nmol gdw−1
d−1 at CL under anoxic conditions. Uptake rates differed significantly among sites (poxic = 1.46 ×
10−5, panoxic = 0.00018), but did not differ significantly between oxic and anoxic treatments (p =
0.373). For all sites and both treatments, CO approached lower limits of detection with values
well below ambient atmospheric levels.
Results for 25% CO concentrations were more variable. For CL, all replicates at each
temperature oxidized CO in two separate trials. However, for IG-7, 2 of 3 and 3 of 3 replicates
oxidized CO at 25 °C and 60 °C, respectively, in one trial, while 0 of 3 and 2 of 3 replicates were
active at 25 °C and 60 °C, respectively, in a second trial. For OY, no activity was observed at 25
°C in either of two trials, while 3 of 3 and 2 of 3 replicates were active at 60 °C in separate trials.
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CO uptake rates in the first trial differed significantly among sites compared at each incubation
temperature (ambient and 60 °C; p = 0.0026 and 0.0001, respectively). Excluding replicates with
no activity at 25 °C, uptake rates ranged from 5.7 µmol CO gdw−1 d−1 to 26.8 µmol CO gdw−1
d−1 at sites IG-7 and CL, respectively (Figure 2.1, Table 2.1). CO uptake rates for 60 °C
incubations ranged from 4.2 µmol CO gdw−1 d−1 to 166.2 µmol CO gdw−1 d−1 at sites OY and
CL, respectively (Figure 2.1, Table 2.1). For each site, CO uptake rates at 60 °C were
significantly greater than at 25 °C (p = 0.0002). CO uptake rates for OY were similar for the first
and second trials; rates for the two trials were also similar for CL at 25 °C but lower at 60 °C for
the second trial (Table 2.1). For IG-7, rates were lower for the second trial at both temperatures.
Overall, trends for Trial 1 and Trial 2 were comparable.
CL

IG−7

OY

CO Uptake Rate (µmol gdw-1 d-1)

150

100

50

0
25 °C

60 °C

25 °C

60 °C

25 °C

60 °C

Figure 2.1. Box and whisker plot representation of CO uptake rates (µmol gdw−1 d−1) for each
temperature (25 °C and 60 °C) at each site (CL, IG-7, and OY) with 25% CO. Median values are
indicated by solid bars. Data not present (OY 25 °C) indicate no CO uptake.
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Table 2.1. Summary of CO uptake rates (µmol gdw-1 d-1) at CL, IG-7, and OY for 10 ppm CO under aerobic and anaerobic conditions,
and 25% CO at 25 °C and 60 °C. Age, vegetation status, pH and organic matter (OM) data for each site are included. Rate data are
included from Trial 1 and Trial 2. All values are means ± 1 standard error. NM indicates data were not measured. Vegetation, pH and
OM% were the same for Trial 1 and Trial 2.
10 ppm CO
25% CO
Age
Site
Vegetation
pH
OM%
(Year)
Aerobic
Anaerobic
25 °C
60 °C
Trial 1
CL
ca. 800
Forest
5.2 ± 0.05 21.8 ± 0.5
0.8 ± 0.1
0.8 ± 0.1
24.5 ± 1.5 154.5 ± 6.0
IG-7
18
Grass
4.5 ± 0.03 3.1 ± 0.4
0.1± 0.02
0.1 ± 0.01
4.0 ± 2.0 31.7 ± 10.7
OY
18
Mixed, sparse 4.8 ± 0.05 1.7 ± 0.1 0.07 ± 0.01 0.04 ± 0.01
0
5.8 ± 0.8
Trial 2
CL
----NM
NM
20.3 ± 4.8 36.1 ± 0.6
IG-7
----NM
NM
0
6.1 ± 6.1
OY
----NM
NM
0
3.5 ± 3.5
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CO uptake for 25% was less reproducible for IG-7 and OY replicates, so a survey of
uptake rates at lower concentrations was conducted to address the possibility of CO sensitivity.
The results showed that activity for IG-7 and OY replicates was more reproducible with CO
concentrations <25%. All IG-7 25 °C replicates showed uptake at 0.1% and 1%, but no activity
at concentrations ≥5%. All OY replicates were active at 1% CO for 25 °C and 60 °C incubations,
but no activity was observed at higher concentrations. Rates for 0.1% CO varied from 0.07 ±
0.002 µmol CO gdw−1 d−1 to 0.21 ± 0.06 µmol CO gdw−1 d−1 (Table 2.2). OY 60 °C and IG-7 25
°C uptake rates at 1% CO concentrations were 0.37 ± 0.02 and 0.34 ± 0.01 µmol CO gdw−1 d−1,
respectively.
Table 2.2. CO uptake rates (µmol gdw-1 d-1) at sites OY (25 °C and 60 °C) and IG-7 (25 °C) for
CO concentrations of 0.1%, 1%, 5%, 15%, and 25%. All values are means ± 1 standard error.
ND indicates CO uptake was not detected
CO Uptake Rate (µmol gdw−1 d−1)
Site
0.1% CO
1% CO
5% CO 15% CO 25% CO
OY 25 °C
0.07 ± 0.002
ND
ND
ND
ND
OY 60 °C
0.19 ± 0.01
0.37 ± 0.02
ND
ND
ND
IG-7 25 °C
0.21 ± 0.06
0.34 ± 0.01
ND
ND
ND
Apparent lag times were defined as the time in days before a decline in CO was observed.
Apparent lag times for 25 °C incubations ranged from 9.9 d to 19.1 d for CL and IG-7,
respectively, while for 60 °C apparent lag times ranged from 0.9 d for CL to 1.8 d and 11.7 d for
IG-7 and OY, respectively (Figure 2.2). Apparent lag times were significantly greater at 25 °C
for both CL and IG-7 (p = 0.006) (Figure 2.2). Apparent lag times also varied across sites (CL <
IG-7 < OY) and increased in parallel with increasing levels of exogenous CO. Apparent lag
times for 0.1% CO concentrations were consistently <1 day, while apparent lags for 1%
concentrations varied from 2.1–9.9 days.

15

CL

20

IG−7

OY

Lag time (d)

15

10

5

0

25 °C

60 °C

25 °C

60 °C

25 °C

60 °C

Figure 2.2. Box and whisker plot representation of apparent lag times (d) for each temperature
(25 °C and 60 °C) at each site (CL, IG-7, and OY). Lag times are from CO uptake assay (Trial 1)
with 25% CO. Median values are indicated by solid bars. Data not present (OY 25 °C) indicates
no CO uptake.
2.3.2. Microbial Community Analysis
For CL and IG-7, the sites with robust plant development, microbial communities at 25
°C without exogenous CO were dominated by eight phyla present at relative abundances >1%,
collectively accounting for 90–99% of all taxa (Table A.1, Figure 2.3A). Proteobacteria,
Acidobacteria, Verrucomicrobia, Bacteroidetes, and Planctomyces were the most prominent
phyla at both sites declining in the order presented. A similar pattern was observed for OY with
the exceptions that Proteobacteria and Verrucomicrobia were lower in abundance and
Chloroflexi were considerably higher than at the other sites. Indeed, Chloroflexi appeared to
decline in abundance from the least developed site to the most mature (CL) with intermediate
values at IG-7 (Figure 2.3A, Table A.1). OY also supported several phyla that were rare or
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absent from IG-7 and CL, including Thaumarchaeota, Elusimicrobia, Patescibacteria, and
Candidate Phyla FCPU426 and WPS-2.
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Figure 2.3. Taxonomic composition for sites CL, IG-7, and OY, at each treatment for T0, No CO
25 °C, 25% CO 25 °C, No CO 60 °C, and 25% CO 60 °C. (A) Phyla represented are present at
relative abundances > 1%; (B) Genera are present at relative abundances > 2%. * Indicates
replicates that had no CO uptake activity for Trial 2.
(figure cont’d.)
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Figure 2.3B.
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2.3B, Table A.2). Most of these genera were present at low abundances with the exception of
Candidatus Udaeobacter, which accounted for 14.0 ± 0.63% of the total. For IG-7, the most
abundant genera were Brayobacter (6.46 ± 1.16%) and Burkholderia-CaballeroniaParaburkholderia (5.96 ± 0.70%); for OY, two genera were present at relative abundances >5%,
Nevskia and Phenylobacterium. The other genera present at >1% collectively accounted for
49.3% of all taxa.

18

Ten phyla accounting for 97.8% of all taxa were observed for CL communities at 25 °C
with 25% CO. The most abundant phyla were Proteobacteria and Acidobacteria (Figure 2.3A,
Table A.3). In contrast to CL, samples from IG-7 and OY did not oxidize CO during trials used
for community analysis. Nonetheless, Firmicutes dominated IG-7 (33.1 ± 6.68%), while
Proteobacteria and Chloroflexi (32.8 ± 5.09% and 23.6 ± 1.25%, respectively) dominated OY
(Figure 2.3A, Table A.3).
Genera also varied among sites for samples incubated at 25 °C with CO. Fifteen genera
present at relative abundance >1% accounted for 60.6% of all CL taxa with Candidatus
Udaeobacter the most abundant (15.5 ± 0.60%). Three other genera were present at abundances
>5%, Pseudolabrys, Candidatus Xiphinematobacter, and Bradyrhizobium, (Figure 2.3B, Table
A.4). Desulfitobacterium and Clostridium sensu stricto group 12 dominated IG-7 with five
additional genera present at relative abundances >1% (Figure 2.3B, Table A.4). Seventeen
genera present at relative abundances >1% accounted for 69.9% of all taxa at OY.
Sediminibacterium and Opitutus were the most abundant (25.4 ± 12.0 and 9.58 ± 3.57%,
respectively).
For sites IG-7 and OY, communities at 60 °C without exogenous CO were dominated by
Firmicutes (97.9 ± 0.84% and 95 ± 3.30%, respectively); Proteobacteria were substantially
reduced relative to compositions at 25 °C without CO (0.14 ± 0.10% and 3.22 ± 3% for IG-7 and
OY, respectively). In contrast, CL communities were dominated by eight phyla present at
relative abundances >1%, collectively accounting for 96% of all taxa, with two of the most
dominant phyla, Firmicutes and Proteobacteria, accounting for 78% of the total (Figure 2.3A,
Table A.5).
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At a genus level, the composition of communities at 60 °C without added CO also varied
among sites. For CL, 11 genera were present at relative abundances >1%. In decreasing order,
Tumebacillus, Paenibacillus, Bacillus, and Thermoanaerobacterium were the most abundant.
For IG-7, five genera with relative abundances >1% accounted for 96.8% of all taxa, including
Thermoanaerobacterium at 42.8 ± 25.1%. For OY, four genera with relative abundances >1%
accounted for 50.7% of all taxa, including Krypidia, Thermoanaerobacterium, Tumebacillus, and
Brevibacillus (Figure 2.3B, Table A.6).
For site CL, seven phyla representing 94.8% of all taxa were present at relative
abundances >1% for communities incubated with 25% CO at 60 °C. Firmicutes (52.8 ± 4.17%)
and Proteobacteria (28.1 ± 1.59%) were the most abundant (Figure 2.3A, Table A.7). IG-7 and
OY were dominated by Firmicutes (97.3 ± 1.09% and 99.7 ± 0.30%, respectively).
The dominant genera varied among sites for communities incubated at 60 °C with CO.
Thirteen genera present at relative abundances >1% accounted for 77.4% of the taxa at CL. Five
of these genera were present at relative abundances >5%: Geobacillus, Paenibacillus, Bacillus,
Tumebacillus, and Tuberibacillus (Figure 2.3B, Table A.8). For IG-7, two replicates oxidized
CO uptake while a third did not. The CO-oxidizing replicates contained three abundant genera,
Tumebacillus, Moorella, and Bacillus; in contrast, nine genera present at >1% occurred in the
replicate with no activity, including Thermoanaerobacterium, Bacillus, Effusibacillus,
Alicyclobacillus, and Sulfobacillus (Figure 2.3B, Table A.8). For site OY, replicate 1 exhibited
CO uptake, while two did not. The replicate that exhibited CO uptake had four abundant genera,
Peptococcaceae SCADC1-2-3, Moorella, Tumebacillus, and Thermoanaerobacterium. The
replicates that did not oxidize CO had four abundant genera, Peptococcaceae SCADC1-2-3,
Moorella, Gelria, and Caldanaerobius (Figure 2.3B, Table A.8).
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Alpha diversity indices (Chao1 and Shannon Index) were estimated using phyloseq after
rarefying to the minimum sample read depth (10,609). Chao1 estimates for species richness
(Figure 2.4, Table A.9) varied from 82.6 (range 49–116.2) for IG-7 with 25% CO at 60 °C to
1728.5 ± 25.0 for CL with no CO at 25 °C. In general, values declined from CL to IG-7 to OY
and were lower at 60 °C than at 25 °C. The Shannon Index (Figure 2.5, Table A.9) ranged from
1.603 ± 0.348 (IG-7 with no CO at 60 °C) to 6.693 ± 0.019 (CL with no CO at 25 °C). The
Shannon Index generally followed trends for Chao1, with values declining from CL to OY and
with elevated temperature. Incubation with CO did not have a statistically significant effect on
either index.
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Figure 2.4. Chao1 index for all treatments for sites CL, IG-7, and OY. Bars in the box and
whisker plots represent median values.
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Figure 2.5. Shannon index for all treatments for sites CL, IG-7, and OY. Bars in the box and
whisker plots represent median values.
Beta diversity indices were used to assess relationships among sites, temperature, and CO
treatments. Ordinations based on CLR transformations (Aitchison distance) and the Hellinger
distance were performed on filtered data with the most informative ASVs (4234 ASVs). Both
distance metrics yielded similar results. There were no significant differences between T0
controls and communities from samples incubated at 25 °C (Figure 2.6), but these communities
differed significantly among the three sites (p = 0.001). In contrast, communities from IG-7 and
OY samples incubated at 60 °C were indistinct but differed significantly from CL communities
at 60 °C. For each site, communities differed significantly between 25 °C and 60 °C (p = 0.001)
but CO additions had no clear effect overall (p = 0.201).
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Figure 2.6A.
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Figure 2.6. Redundancy analysis for sites CL, IG-7 and OY. Samples are grouped by treatment
and site using an Aitchison distance metric (CLR transformed data) (A) or Hellinger distance
metric (B).
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2.4. Discussion
CO uptake attributed to Mo-dependent CO dehydrogenases has been observed for a wide
range of physiologically and ecologically versatile Bacteria and some Archaea (King & Weber,
2007; Sokolova et al., 2017) in freshwater, marine, and terrestrial systems, including volcanic
deposits and deserts (Cordero et al., 2019; King, 1999, 2000; King, 2003; King et al., 2008). CO
uptake at low concentrations by soils in particular contributes significantly to the global
atmospheric CO budget (King, 1999). In contrast, CO uptake attributed to Ni-dependent CO
dehydrogenases has been reported for a phylogenetically more restricted group of Bacteria and
Archaea, most of which are thermophilic (Adam et al., 2018; Diender et al., 2015; Fukuyama et
al., 2020; Inoue et al., 2019). The molecular biology, biochemistry, and physiology of selected
isolates have been characterized extensively (Bertsch & Müller, 2015; Diender et al., 2015;
Inoue et al., 2019; Ragsdale & Pierce, 2008; Robb et al., 2011), but the ecological significance of
Ni-COX remains largely unknown with a few exceptions.
Extensive studies of hot springs have resulted in isolation of numerous thermophilic,
hydrogenogenic Ni-COX and provided insights about their distribution (Omae et al., 2019;
Slepova et al., 2009; Slobodkina et al., 2012; Yoneda et al., 2015). Applications of stable and
radioisotopic probing approaches and CO uptake assays have revealed a relatively low diversity
for active Ni-COX, but also indicated that CO uptake can contribute significantly to hot spring
community metabolism when CO is relatively abundant (Brady et al., 2015; Kochetkova et al.,
2011; T. V. Slepova et al., 2007). Other studies have addressed Ni-COX in sewage sludge (Alves
et al., 2013; Esquivel-Elizondo et al., 2017) , the use of Ni-COX in microbial fuel cells (Hussain
et al., 2011; Kim & Chang, 2009) and the prospects for bioconversions of syngas to hydrogen
(Fukuyama et al., 2020).

24

Research on Ni-COX activity in other systems has been much more limited. Inman et al.
(1971) found no anaerobic CO uptake by soils, in contrast to observations by Bartholomew and
Alexander (1979) and Conrad and Seiler (1980). The latter studies observed anaerobic uptake
with no lag at low CO concentrations, but the source of activity was unknown. King (2006)
compared CO uptake by forest soils from Maine, Georgia and Hawai’i (USA) at concentrations
of 1–10 ppm under oxic and anoxic conditions. Uptake rates were somewhat higher under oxic
than anoxic conditions, but anoxic soils from all sites reduced CO concentrations below
atmospheric levels. King (2006) further showed that nitrate additions had no effect on aerobic or
anaerobic CO uptake while chloroform inhibited anaerobic but not aerobic uptake. These results
indicated that anaerobic CO uptake was likely due to Ni-COX activity. In a separate study, King
(2007) documented anaerobic CO uptake by surface and sub-surface sediments from a Maine
salt marsh. The observed activity was attributed to Ni-COX, based on the outcomes of studies
with inhibitors and nitrogen oxides (King, 2007).
In the study reported here, Mo-dependent (aerobic) and Ni-dependent (anaerobic) CO
uptake rates at 10 ppm were highest at CL, a forested site with the highest organic content, while
rates were similar for the two recent volcanic deposits (IG-7 and OY, Table 2.1). This
observation is consistent with previous reports, which posited that higher organic matter supports
larger microbial communities with greater CO uptake capacity (King, 2000; Moxley & Smith,
1998). In addition, aerobic and anaerobic rates were comparable at each of the sites, which
contrasts to some extent with previously reported trends for mature continental forest soils
(Conrad & Seiler, 1980; King, 2006). Regardless, the data collectively indicate the capacity for
Ni-COX activity at atmospheric CO concentrations is widespread in soils, occurring even in
recently formed soils (IG-7 and OY). At each of the sites aerobic and anaerobic CO uptake
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occurred without a lag, and in both cases CO concentrations were reduced to sub-atmospheric
levels. The absence of a lag in this and other studies (Bartholomew & Alexander, 1979; Conrad
& Seiler, 1980; King, 2006) indicates that Ni-COX are either activated very rapidly after anoxic
conditions are established, or that they include oxygen tolerant populations that can maintain
limited activity under conditions that prevail in situ. The fact that acetogens in soil have been
described as aerotolerant (Drake et al., 2002; Karnholz et al., 2002) suggests that both
possibilities are likely. The ability of Ni-COX to consume CO at sub-atmospheric levels suggests
that they might play underappreciated roles in the atmospheric CO budget and in CO cycling,
particularly in systems that experience intermittent anoxia or sub-oxic conditions.
At present the Ni-COX populations responsible for anaerobic CO uptake at ambient
concentrations remain a matter of speculation. Inventories of communities in time zero samples
reveal several putative Ni-COX taxa, including Clostridium, Desulfitobacterium, Geobacillus,
and Geobacter, all at low abundance (Figure 2.3B). However, the capacity of known Ni-COX to
oxidize CO at atmospheric levels has not yet been confirmed. Further, and in contrast to
possibilities for Mo-COX, the toolkit for identifying Ni-COX populations active at low CO
concentrations remains limited by the extensive sequence diversity of the Ni-dependent CO
dehydrogenase and by the extremely low levels of carbon that can be incorporated into biomass
from atmospheric CO.
Incubations with high CO concentrations sacrifice potential insights about uptake in situ
but offer options to address other questions. In this study, incubations with 25% CO headspaces
were used to address questions about differential responses to elevated CO as a function of
temperature, the distribution of putative carboxidotrophic Ni-COX across an ecosystem gradient,
and the identity of putative Ni-COX active at 25 °C and 60 °C. The latter questions were enabled
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by the use of substrate-level CO additions. The amount of CO added to each of the samples,
about 700 µmol, was sufficient to support cell growth equivalent to approximately 830 µg of
biomass and 1.7 × 10−9 cells, assuming a 5% growth efficiency, complete utilization of the added
CO, cell carbon contents of 50% and a mass per cell of 5 × 10−13 g. With sample masses of 5 g
fresh weight, carboxidotrophic Ni-COX growth could have produced approximately 3.4 × 108
cells gfw−1. This likely represented a small to modest fraction of total cell abundance that could
have led to detectable changes in community compositions during incubations with and without
added CO.
However, in contrast to consistent activity for all sites and replicates at 10 ppm, uptake of
25% CO was variable. All replicates for both incubation temperatures at CL completely
consumed the added CO in two separate trials, but for IG-7, 2 of 6 replicates in two trials at 25
°C and 5 of 6 replicates at 60 °C oxidized CO. For OY, 0 of 6 and 5 of 6 replicates were active in
two trials at 25 °C and 60 °C, respectively. Although reasons for the different outcomes of IG-7
and OY trials are unclear, evidence suggests that Ni-COX populations at IG-7 and OY might be
inhibited by CO concentrations ≥1%, especially at 25 °C. In support of this hypothesis, CO
uptake at 25 °C was observed for OY with 1000 ppm CO and IG-7 with 1% CO, but not at
higher concentrations (Table 2.2). These results suggest that at some sites mesophilic Ni-COX
populations might be more sensitive to CO than thermophiles. However, the extent to which CO
sensitivity reflects successional status or other variables is unknown.
Although a detailed analysis of temperature responses was not conducted in this study,
apparent lag times were shorter and the capacity for CO uptake was greater at 60 °C than at 25
°C across all sites, suggesting a thermophilic optimum. This might have reflected differences in
CO sensitivity of mesophiles and thermophiles or other factors. For example, thermophilic Ni-

27

COX Firmicutes spores might have occurred at relatively high densities that could have led to
larger populations than those of Ni-COX mesophiles and thus resulted in higher uptake rates.
Trends in apparent lag times support this interpretation. Because low CO uptake rates at
the initiation of the incubations were not detectable due to limitations of the analytical system,
the observed lags reflected the time required for populations to increase their uptake capacity to a
degree that changes in headspace CO could be observed. That could have resulted from
increased elaboration of Ni-CODH in static populations, spore germination and population
growth, or both. However, irrespective of the mechanism involved, thermophilic Ni-COX clearly
responded more rapidly than their mesophilic counterparts, which is remarkable since
thermophiles in temperate soils rarely experience permissive growth temperatures while
mesophiles routinely do.
Since CO was added at substrate-level concentrations, analysis of 16S rRNA genes in
soils with and without CO could reveal Ni-COX populations that were able to grow during the
assays and their distributions among sites (see Figure 2.7). In this study, interpretations are
constrained by inconsistent CO uptake for IG-7 and OY at 25 °C and 60 °C, and low DNA yields
for OY at 60 °C. Nonetheless, several insights are possible. Inspection of the composition of CL
communities incubated at 60 °C (Table S8, Figure 3B) revealed enrichment of Geobacillus, a
genus known to harbor Ni-COX (Brumm et al., 2015). In addition, Brevibacillus and
Tuberibacillus were enriched in the presence of CO. Although Ni-CODH has not been reported
for either genus, both might harbor as yet uncharacterized strains with a capacity for anaerobic
CO uptake. In contrast, no obvious Ni-COX enrichments were evident for CL samples incubated
with CO at 25 °C (Table A.4, Figure 2.3B), even though they contained Geobacillus. The lack of
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enrichment in these samples might reflect uptake by multiple taxa resulting in only small
changes for each.
Figure 2.7A.
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Figure 2.7B.
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Figure 2.7. Venn diagram of the distribution of nickel- and molybdenum-dependent CO
oxidizers within and among sites at 25 °C (A) and 60 °C (B); bold black italics represent known
nickel-dependent CO-oxidizing genera; bold red italics represent known molybdenum-dependent
CO-oxidizing genera; black italics represent putative nickel-dependent CO-oxidizing genera.
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For IG-7 at 60 °C, Moorella, a genus known to harbor CO oxidizers (e.g., Fukuyama et
al. (2020)), was enriched in the replicate that oxidized CO, but it was not enriched in the
remaining replicates (Table A.8, Figure 2.3B). Tumebacillus was also abundant in the replicate
that oxidized CO, but it has not yet been documented as a CO oxidizer. None of the IG-7
replicates at 25 °C oxidized CO, but the replicates containing CO differed in composition from
those that did not (Table A.4, Figure 2.3B) and were enriched in genera known to oxidize CO or
to contain Ni-CODH, e.g., Desulfitobacterium and Clostridium (Ahmed et al., 2010; Techtmann
et al., 2011). This suggests that exogenous CO altered IG-7 communities even when CO was not
metabolized.
Like IG-7, Tumebacillus and Moorella were enriched in the OY replicate at 60 °C that
oxidized CO (Table A.8, Figure 2.3B). This replicate was also dominated by a Peptococcaceae
ASV that did not occur in the absence of CO and that might be a novel CO oxidizer. In contrast
to IG-7, OY replicates with and without CO at 25 °C were not strongly differentiated and NiCOX genera were not abundant (Table A.4, Figure 2.3B). At this site, CO did not appear to
affect communities when it was not oxidized. The difference between IG-7 and OY in this
context might be an outcome of basic differences in community composition ab initio.
Redundancy analysis based on Hellinger and CLR transformations indicated that
communities from all sites incubated at 25 °C differed distinctly from those incubated at 60 °C
due to losses of mesophiles and gains of thermophiles that can be expected for a substantial
temperature upshift (Figure 2.6). Both metrics also showed that communities from 25 °C differed
among the three sites, while those from 60 °C were similar for IG-7 and OY but distinct for CL
(Figure 2.6). The former results along with the distinction of CL at 60 °C undoubtedly reflect
differences in age and successional development (Table 2.1). For IG-7 and OY, community
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differences for time zero and 25 °C samples appear to reflect the dense M. condensatus cover at
IG-7 and patchy vegetation at OY. The similarity of samples from these sites when incubated at
60 °C suggests that they had accumulated equivalent thermophilic taxa, which might be
anticipated given their comparable ages and proximity, but that there had been insufficient time
for divergence resulting from differences in plant cover and other ecological variables at the two
sites.
Trends in alpha diversity metrics support interpretations of beta diversity analyses.
Specifically, Chao1 estimates of richness (Figure 2.4) distinguish the three sites, with a decline
in richness from the oldest, forested site (CL) to the youngest and least vegetated site (OY).
Differences between CL and IG-7 suggest that both deposit age and the extent of plant
community development affect recruitment and retention of soil microbes on O-yama;
differences between IG-7 and OY, which are the same age, suggest that during early succession
plant colonization plays a primary role, since both sites presumably experience comparable
inputs of potential pioneering taxa due to their proximity.
Although CO did not appreciably affect richness at 25 °C or 60 °C, substantial decreases
in richness at 60 °C for IG-7 relative to CL suggest that deposit age and plant development affect
O-yama thermophiles as well as mesophiles (Figure 2.4). Since the former are likely rarely
active, differences in richness between the two sites presumably reflect differences in the net
accumulation of taxa in microbial seed banks. Additional comparative analyses with a greater
range of deposit ages and plant development will be necessary to partition the variables that
affect thermophile recruitment. An existing conceptual model invokes atmospheric deposition of
primarily Geobacillus and then local factors that determine loss rates (Perfumo & Marchant,
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2010). However, this model does not account for the variety of taxa observed in this study or
specific variables important at local scales.
The Shannon Index offers similar insights to those from Chao1 with some exceptions
(Figure 2.5). Similarities for CL and IG-7 but lower values for OY suggest that plant cover
structures community diversity to a greater degree for these sites than deposit age. This likely
arises from impacts of aboveground biomass and roots as sources of organic matter and the latter
as an agent for generating spatial structure. Decreases in the Shannon Index at 25 °C for IG-7
and OY but not CL after CO addition (Figure 2.5) suggest that communities with lower richness
might be more susceptible to disturbances than communities with higher richness. However, the
absence of a CO effect for samples incubated at 60 °C indicates that temperature was a more
important structuring agent than CO for thermophiles. Nonetheless, diversity decreased much
more dramatically for IG-7 than CL, which suggests that richness remains a factor in disturbance
responses at elevated temperatures.
In summary, this study provides evidence for potential Ni-CODH activity in mesothermic
soils at low (10 ppm) and high (25%) CO concentrations, including soils formed recently after a
volcanic eruption in 2000. These results expand insights from earlier studies of mature
continental soils and also reveal populations of thermophilic Ni-COX in young and mature soils
capable of consuming high CO concentrations at 60 °C. Analyses of 16S rRNA genes in soils
with and without added CO at 25 °C and 60 °C illustrate general trends in microbial community
succession across sites that vary in vegetational development while providing indications of the
possible identity of some CO oxidizers. The latter include known CO-oxidizing taxa, such as
Geobacillus and Moorella, and potentially novel taxa in the genera Brevibacillus and
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Tuberibacillus. Additional assays of other terrestrial and aquatic environments will help clarify
the distribution and controls of Ni-COX and their possible contributions to CO cycling.
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Chapter 3. A Biogeographic Analysis of Anaerobic Carbon Monoxide Uptake
by Microbial Communities in Diverse Soils and Sediments
3.1. Introduction
Carbon monoxide (CO) has long been recognized as a substrate for aerobic and anaerobic
bacteria (King & Weber, 2007; Robb & Techtmann, 2018), some of which can couple it to
growth (carboxydotrophs). Others use it to support metabolism but not growth when preferred
substrates are limiting (carboxydovores). Aerobic CO oxidizers possess a distinct form I
molybdenum-dependent CO dehydrogenase (Mo-CODH; (King & Weber, 2007). They are
comprised of representatives of multiple phyla, most prominently Actinobacteria and
Proteobacteria, with additional representatives from the Acidobacteria, Bacteroidetes,
Chloroflexi, Crenarchaeota, Euryarchaeota, and Firmicutes among others (Cordero et al., 2019;
King & Weber, 2007). Mo-dependent CO oxidizers (Mo-COX) occur ubiquitously in soils where
their collective activity plays an important role in the atmospheric CO budget (King, 1999) due
to their ability to oxidize CO at sub-atmospheric concentrations.
In contrast, anaerobic CO oxidizers use a well-characterized nickel-dependent CODH
(Ni-CODH; (Ragsdale, 2004)). Ni-dependent CO oxidizers (Ni-COX) have been isolated
primarily as thermophiles from the Firmicutes, with some mesophilic Proteobacteria and
Euryarchaeota, and additional representatives from numerous other phyla identified from
genome sequences (Inoue et al., 2019). Although they are distributed ubiquitously, the roles of
Ni-COX in CO cycling are uncertain. Radioisotopic and stable isotopic evidence from several
hot springs suggests that Ni-COX can contribute significantly to community metabolism if CO
levels are elevated. Results from several additional studies have also suggested that Ni-COX
might be active in forest soils and salt marsh sediments (King, 2006; King, 2007).
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More recent studies by DePoy et al. (2020) of volcanic soils representing an age and
vegetation gradient showed that Ni-COX activity could be detected at low (10 ppm) and high
(25%) CO concentrations, with the latter observed at 25 °C and 60 °C. Ni-COX activity was also
observed at sub-atmospheric CO concentrations at 25 °C (DePoy et al., 2020). These results
indicate that Ni-COX activity might be more widespread and potentially more significant than
previously realized, in particular including mesophilic activity at low concentrations.
To further address these notions, an analysis of Ni-COX activity was undertaken using a
set of samples obtained from geographically dispersed sites representing volcanic, geothermallyheated, sub-tropical, boreal, agricultural, forest, wetland, lacustrine, and hot spring habitats. CO
uptake rates were assessed under oxic and anoxic conditions with 10 ppm headspace
concentrations at 25 °C, and with 25% headspace concentrations under anoxic conditions at 25
°C and 60 °C. The results reveal that Ni-COX activity occurs ubiquitously at low CO
concentrations and that it might play a role in ambient CO cycling. Uptake of 25% CO at 25 °C
and 60 °C was also broadly distributed suggesting that both mesophilic and thermophilic NiCOX occur commonly in a wide range of microbial communities.
3.2. Materials and Methods
3.2.1. Site Descriptions, sample collection and processing
Samples for CO uptake and soil chemical analyses were collected from multiple locations
in Hawai`i, Louisiana, Maine and Oregon (USA), Iceland and Japan (see Table 3.1 and Figure
3.1-3.2 for details). Physical characteristics (pH, OM, collection temperature, and water content)
for each site are included (see Table B.1-B.3). Several sites have been described previously
(DePoy et al., 2020; King, 2003; King et al., 2008; Weber & King, 2009). The samples
collectively included geothermally-heated soils (Hawai`i), boreal soils and stream sediments
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(Iceland), flooded agricultural (Louisiana, Japan) and wetland soils (Louisiana, Maine), hot
spring sediments (Oregon), cultivated soils (Hawai`i, Louisiana, Oregon), forest soils (Hawai`i,
Louisiana, Maine, Japan), arid soils (Hawai`i, Oregon), volcanic deposits (Hawai’i, Iceland,
Japan) and lake sediments (Hawai`i, Louisiana). At an arbitrarily chosen location at each site,
triplicate samples (about 100-gram fresh weight [gfw]) were collected from the upper 2 cm depth
interval using 70% ethanol-sterilized spatulas or trowels. Samples were transferred to zip-seal
storage bags and held at ambient temperature during transport to a laboratory at Louisiana State
University where they were stored at room temperature for processing. Sample analyses were
typically initiated within one week of collection.
Table 3.1. Names, abbreviations, and GPS coordinates for soil, sediment, and hot springs sites.
Site
Forest Soil
Bluebonnet Swamp forest, mixed hardwood forest, Louisiana, USA
Baker Wood, mixed hardwood, coniferous forest, Maine, USA
Mesquite stand, Prospio glandulosa, Death Valley, California, USA
Chain of Craters Road Forest, December 2018, Hawai`i, USA
Chain of Craters Road Forest, April 2019, Hawai`i, USA
Wright Road Forest, Volcano, Hawai`i, USA
Kipukakulalio Acacia koa, Mauna Loa, Hawai`i, USA
Kipukakulalio Acacia koa, burned, Mauna Loa, Hawai`i, USA
Puhimau Geothermal Area site A, December 2018, Hawai`i, USA
Puhimau Geothermal Area site A, December 2019, Hawai`i, USA
Kilauea Volcano, Pu`u Puai, closed canopy forest stand
Miyaka-jima Castenopsis seiboldii Forest, Japan
Cultivated Soil
LSU Campus cultivated soil, Louisiana, USA
Kueny Ranch cultivated soil, Fields, Oregon, July 2018
Kueny Ranch cultivated soil, Fields, Oregon, July 2019
Amauulu Road cultivated soil, July 2018, Hawai`i, USA
Amauulu Road cultivated soil, December 2018, Hawai`i, USA
Geothermally-heated Volcanic Soil
Kilauea Volcano Sulphur Bank site A
Kilauea Volcano Sulphur Bank site B
Puhimau Geothermal Area site B
Puhimau Geothermal Area site C-1
Puhimau Geothermal Area site C-2
Unheated Volcanic Soil
Miyake-jima Igaya-7
Miyake-jima Oyama summit
Kilauea Volcano Pu`u Puai Bare

(table cont’d)
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Acronym

GPS coordinates

BBSF
BWM
MSDV
CCRF-D18
CCRF-A19
WRF
KKL
KKL-burned
PGA-D18
PGA-D19
PPC
CL

30.37188 -91.10026
44.10667, -69.17897
36.48528, -116.87823
19.38740, -155.02910
19.39160, -155.24533
19.45410, -155.24304
19.47418, -155.37173
19.47531, -155.35993
19.38935, -155.24857
19.38930, -155.24849
19.41704, -155.25510
34.1119, 139.50150

LSUC
KRC-J18
KRC-J19
ARC-J18
ARC-D18

30.41329, -91.16923
42.43294, -118.62598
42.432945, -118.62599
19.72886, -155.10660
19.72807, -155.11127

KSB-A
KSB-B
PGB
PGC-D18
PGC-A19

19.43225, -155.26117
19.43213, -155.2612
19.38921, -155.24849
19.38909, -155.24999
19.38903, -155.25008

IG-7
OY
PPB

34.08940, 139.51410
34.08020, 139.51900
19.40653, -155.25726

Site
Unheated Volcanic Soil
Kilauea Volcano, Manua Ulu
Kilauea Volcano, Hilina Pali
Krafla, Iceland, August 2018
Krafla, Iceland, August 2019
Grímsey Island Meadow
Arid Soil
Mickey Hot Springs Unheated
Mickey Hot Springs Playa
Kueny Ranch Uncultivated
Alvord Basin Pan, Borax-1
Alvord Basin Pan, Borax-2
Hastings Cutoff Utah
Flooded Soil
Bluebonnet Swamp, June 2018. Louisiana, USA
Bluebonnet Swamp, April 2019, Louisiana, USA
Baker Swamp, Maine, USA
Ibaraki University rice plot, Ami-machi, Japan
Experimental rice field, Crowley, Louisiana, USA
Sediment
Lake Waiau, June 2018, Hawai`i, USA
Lake Waiau, Apr 2019, Hawai`i, USA
LSU Lake, Baton Rouge, Louisiana, USA
Borax Lake, Oregon, outflow sediment
Uxahryggjavegur, Iceland, 2nd order stream
Hot Springs
Mickey Hot Springs, July 2018, 35 ºC
Mickey Hot Springs, July 2018, 60 ºC
Mickey Hot Springs, July 2018, 86 ºC
Mickey Hot Springs, July 2019, 25 ºC
Mickey Hot Springs, July 2019, 60 ºC
Mickey Hot Springs, July 2019, 69 ºC
Alvord Hot Springs, 30 ºC
Alvord Hot Springs, 60 ºC
Alvord Hot Springs, 70 ºC
Borax Hot Springs, 46 ºC
Borax Hot Springs, 60 ºC
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Acronym

GPS Coordinates

KMU
KHP
KRF-A18
KRF-A19
GIM

19.33935, -155.20477
19.34033, -155.27530
65.71794, -16.78518
65.71736, -16.78603
66.56422, -18.01805

MHSU
MHSP
KRU
ABPB1
ABPB2
HCU

42.67857, -118.34825
42.67538, -118.34673
42.43263, -118.62647
42.32649, -118.60987
42.32758, -118.60500
40.98092, -113.98805

BBS-J18
BBS-A19
BSM
IJR
CLR

30.36983, -91.10767
30.37077, -91.10785
44.10675, -69.179578
36.03548, 140.21423
30.24693, -92.34631

LWH-J18
LWH-A19
LSUL
BLO
UXA

19.81138, -155.47756
19.8115, -155.47707
30.40922, -91.16472
42.32755, -118.60149
64.45276, -21.10985

MHS-J18-35
MHS-J18-60
MHS-J18-86
MHS-J19-25
MHS-J19-60
MHS-J19-69
AHS-30
AHS-60
AHS-74
BHS-46
BHS-60

42.67722, -118.34640
42.67730, -118.34685
42.67755, -118.34700
42.67735, -118.34639
42.67733, -118.34683
42.67716, -118.34677
42.54419, -118.53393
42.54419, -118.53394
42.54418, -118.53394
42.33417, -118.60302
42.33417, -118.60302

Figure 3.1. Map of sites from Iceland, Continental United States, Japan, and Hawai`i Island
(presented left to right).

BWM

PGA

OY

ARC

BBS

BLO

UXA

MHS

Figure 3.2. Photos of select sites. Forest soil sites represented are Baker Wood Maine (BWM)
and Puhimau Geothermal Area A (PGA). Miyake-jima summit (OY) is unheated volcanic soil
presented. Cultivated soil site represented is Amauulu Road Cultivated (ARC). Flooded soil site
represented is Bluebonnet Swamp (BBS). Sediment sites represented are Borax Lake, Oregon
(BLO) and Uxahryggjavegur, Iceland (UXA). Hot spring site represented is Mickey Hot Springs
(MHS).
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3.2.2. CO uptake
For CO uptake assays, 5-gfw samples were transferred to 60-mL serum bottles that were
subsequently flushed with deoxygenated N2 for anoxic treatments or maintained with an air
headspace for oxic treatments. For most sites, two sets of triplicates were incubated with 10 ppm
CO at 25 °C with oxic or anoxic headspaces, while two additional sets of triplicates were
incubated with 25% CO at 25 °C or 60 °C with anoxic headspaces. For several sites that
experience extended periods of cool temperatures seasonally, samples were incubated at 10 °C in
addition to or in lieu of incubations at 25 °C; these sites included Lake Waiau (Hawai`i, LWH),
Baker Swamp (Maine, BSM) and all Iceland sites. In addition, samples from Bluebonnet Swamp
(BBS), Bluebonnet Swamp Forest (BBSF) and a cultivated soil on the LSU campus (LSUC)
were incubated with 25% CO and temperatures from 25 °C-70 °C with 5 °C-10 °C intervals. In
all cases, headspace CO concentrations were measured at intervals for samples collected with a
needle and syringe for analysis by gas chromatography as described by DePoy et al. (2020).
Maximum CO uptake rates were estimated from first-order rate constants or slopes of
linear fits as appropriate and expressed on a dry weight basis after determining sample water
contents by drying at 80 °C for 48 h. Apparent lag times for CO uptake were defined as the time
elapsed between the initial sample collection and the point at which a consistent decline in CO
headspace concentrations was observed. Organic matter contents were estimated using “mass
loss on ignition” for oven-dried samples combusted at 550 °C for 3 h in a muffle furnace.
Sample pH values were measured using a Beckman ion analyzer for slurries with a 1:2 ratio of
soil and deionized water. For select sites, water potentials were adjusted with deionized water to
levels conducive for microbial activity (-2MPa to -1MPa). Water potentials were assessed using
a WP4-T water potential meter (Decagon Devices, Pullman, WA, United States).
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To assess the potential inhibition of uptake at elevated CO concentrations, soil samples
from BBF and LSUC were prepared as above with anoxic headspaces, which were adjusted to
concentrations of 10 ppm, 100 ppm, 1000 ppm, 1%, 5%, 10%, 15%, 20%, and 25% CO. All
treatments were prepared in triplicate. Headspace CO concentrations were analyzed as above.
An additional set of analyses was conducted using samples from BBS. Sets of triplicates
were prepared as above with anoxic headspaces and 25% CO for incubation at 25 °C and 60 °C.
Two additional sets of triplicates were prepared with 25% CO for incubation at 25 °C and 60 °C
with 25 mM bromoethanesulfonic acid, an inhibitor of methanogenesis (Oremland & Capone,
1988). CO was analyzed as described by DePoy et al. (2020). Headspace hydrogen (H2)
concentrations up to 1% were analyzed using a Peak Laboratories (Mt. View, CA) Peak
Performer 2 reduced gas detector equipped with 1-m Porpak Q and Molecular Sieve 5A columns
fitted to a multiport switching value to facilitate CO venting. Hydrogen concentrations >1% were
analyzed using an SRI (Torrance, CA) model 8610 gas chromatograph fitted with a thermal
conductivity detector. Headspace methane concentrations were measured using the same
instrument with flame ionization detector and a 1-m Molecular Sieve 5A column operated with
helium as a carrier gas. Hydrogen concentrations were estimated with a 1:1 CO:hydrogen
equivalence as a measure of hydrogenogenesis. This estimation excludes hydrogen sinks, so are
underestimates of hydrogen concentrations.
Headspace hydrogen concentrations were also monitored for additional sites by
quantifying hydrogen accumulation during CO assays performed with the SRI model 8610 and
its TCD detector. However, hydrogen detection limits with the TCD (1%) precluded
observations during the early stages of CO uptake. In these instances, maximum accumulation of
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hydrogen was used as an indication of the extent of hydrogenogensis for the various sites and
treatments.
3.2.3. Statistical analysis
For statistical analyses, replicates with no observed CO uptake were assigned a zero rate,
while lag times were considered not measurable. Due to the wide range of uptake rates at 25%
CO, the values were transformed prior to analysis using a log(1 + x) method. For 10 ppm CO
treatments, uptake rates among sites were compared using a one-way ANOVA for each
treatment without transformation. To assess differences between treatments at each site, 10 ppm
uptake rates were compared using a two-way ANOVA with an interaction between site and
treatment. Similarly, 25% CO uptake rates among sites were compared using a one-way
ANOVA for each temperature, 25 °C and 60 °C. This was followed by a two-way ANOVA with
an interaction between site and temperature. For correlation analyses using rates, lag times, pH,
and organic matter as variables, replicates with no activity were removed.
3.3. Results
3.3.1 CO uptake
Uptake of 10 ppm CO occurred with little to no observable lag for each of the various
soils and sediments. Aerobic CO uptake rates for soils (Table 3.2) varied from 6.0 ± 3.0 nmol
gdw-1 d-1 (Mickey Hot Springs Unheated soil, MHSU) to 2042.3 ± 477.5 nmol gdw-1 d-1
(Kipukakulalio-burned, KKL-burned). Anaerobic CO uptake rates for soils (Table 3.2) varied
from 5.0 ± 2.5 nmol gdw-1 d-1 (MHSU) to 1669.2 ± 258.7 nmol gdw-1 d-1 (Chain of Craters Road
Forest, December 2018, CCRF-D18). At each of the sites, aerobic and anaerobic uptake rates
were comparable (psoil = 0.1035). However, CO uptake rates varied significantly among sites for
oxic (poxic = 8.012e-16) and anoxic treatments (panoxic = 2.854e-11) and in general, rates
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decreased according to site classification as follows: forest soil > unheated volcanic soil ~
cultivated soil > geothermally-heated soil > arid soils. Regardless of sample type, CO was
reduced to atmospheric or sub-atmospheric levels in all samples.
Table 3.2. CO uptake rates for soils, 10 ppm CO under aerobic and anerobic conditions, and 25%
CO under anaerobic conditions at 25 °C and 60 °C. All uptake rates are means ± 1 standard
error. Values in parentheses for 25% CO indicate replicates that oxidized CO if < 3. Dashes
indicate absence of analyses.
Site
Forest Soil
BBSF
BWM
MSDV
CCRF-D18
CCRF-A19
WRF
KKL
KKL-burned
PGA-D18
PGA-D19
PPC
CL
Cultivated Soil
LSUC
KRC-J18
KRC-J19
ARC-J18
ARC-D18
Geothermally
KSB-A
KSB-B
PGB
PGC-D18
PGC-A19
Unheated Volcanic Soil
IG-7
OY
PPB
KMU
KHP
KRF-A18
KRF-A19
GIM

10 ppm CO Uptake Rate
Aerobic
Anaerobic
nmol gdw-1 d-1
1183.9 ± 32.8
1224.4 ± 37.8
282.4 ± 115.1
475.2 ± 21.4
14.4 ± 1.5
6.3 ± 2.6
1600.2 ± 240.7
1669.2 ± 258.7
--693.6 ± 145.6
694.9 ± 108.7
19.1 ± 3.4
6.4 ± 3.3
2042.5 ± 477.4
83.6 ± 38.2
36.2 ± 3.0
46.4 ± 1.7
17.5 ± 5.2
16.6 ± 1.5
1412.4 ± 150.0
1630.5 ± 721.7
776.0 ± 70.4
782.0 ± 119.3

25% CO Uptake Rate
25 °C
60 °C
µmol gdw-1 d-1
0
73.3 ± 47.5 (2)
16.8 ± 5.9
47.1 ± 47.1 (1)
0
0
16.7 ± 1.8
31.7 ± 15.8 (2)
18.7 ± 4.2
113.1 ± 26.8
24.1 ± 3.1
133.4 ± 37.6
1.0 (1)
82.1 ± 4.5
0
46.8 ± 8.39
0
0
0
0
0
0
24.5 ± 1.5
154.5 ± 6.0

164.1 ± 2.5
83.3 ± 11.1
-91.7 ± 4.1
328.9 ± 46.0

199.4 ± 5.3
66.9 ± 4.1
-101.8 ± 4.5
446.1 ± 82.0

3.9 (1)
9.8 (1)
0.3 (1)
17.8 ± 9.9 (2)
31.5 ± 5.7

86.6 ± 7.8
174.0 ± 34.9
17.3 ± 17.3 (1)
114.7 ± 7.7
44.6 ± 25.8 (2)

0†
76.7 ± 19.1
117.0 ± 43.0*
0†
0†

0†
92.9 ± 19.0
31.2 ± 19.2*
0†
19.0 ± 6.2†

0†
0
-0
0†

0†
0
0
0
0†

113.5 ± 19.5
67.1 ± 12.6
694.6 ± 181.8
60.5 ± 23.7
465.1 ± 352.7
210.2 ± 33.5
-20.3 ± 4.5

116.6 ± 10.2
41.7 ± 13.3
432.8 ± 108.6
22.0 ± 5.0
213.5 ± 153.7
102.4 ± 5.1
-24.3 ± 7.5

4.0 ± 2.0 (2)
0
0
0
0
-1.7 ± 1.7 (1)
1.7 ± 1.2 (2)

31.7 ± 10.7
5.8 ± 0.8
3.6 ± 3.6 (1)
0
0
82.9 ± 41.5 (2)
49.2 ± 29.0 (2)
51.9 ± 25.9 (2)

(table cont’d)
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Site
Arid Soil
MHSU
MHSP
KRU
HCUS
ABPB1
ABPB2
* = 60 °C, † = 80 °C

10 ppm CO Uptake Rate
Aerobic
Anaerobic
nmol gdw-1 d-1
6.0 ± 3.0
5.0 ± 2.6
----23.0 ± 7.47
20.7 ± 6.79
-----

25% CO Uptake Rate
25 °C
60 °C
µmol gdw-1 d-1
0
0
2.5 ± 1.6 (2)
0
0
0
--12.0 ± 12.0 (1)
0
0
0

Aerobic CO uptake rates for flooded soils and unvegetated sediments (Table 3.3) varied
from 1.0 ± 0.6 nmol gdw-1 d-1 (Experimental rice field, Crowley, Louisiana; CLR) to 964.0 ±
386.9 nmol gdw-1 d-1 (Baker Swamp, Maine; BSM). Anaerobic CO uptake rates (Table 3) varied
from 2.9 ± 0.4 nmol gdw-1 d-1 (LSU Lake, LSUL) to 2057.2 ± 426.2 nmol gdw-1 d-1 (BSM). CO
was reduced to atmospheric or sub-atmospheric levels by all samples under both oxic and anoxic
conditions. In addition, aerobic and anaerobic CO uptake rates were comparable for each of the
sites (psediment = 0.066) but differed among sites (poxic = 0.0027, panoxic = 1.74e-06). In general,
rates for the flooded soils were substantially higher than rates for sediments.
Table 3.3. CO uptake rates (µmol gdw-1 d-1) for flooded soils and sediments, 10 ppm CO under
aerobic and anerobic conditions, and 25% CO under anaerobic conditions at 25 °C and 60 °C.
All uptake rates are means ± 1 standard error. Values in parentheses for 25% CO indicate
replicates that oxidized CO if < 3. Dashes indicate absence of analyses.
10 ppm CO Uptake Rate
25% CO Uptake Rate
Site
Aerobic
Anaerobic
25 °C
60 °C
-1 -1
-1 -1
Flooded Soil
nmol gdw d
µmol gdw d
BBS-J18
38.8 ± 6.4
0.03 ± 0.01
157.6 ± 29.1
205.2 ± 35.2
BBS-A19
--338.4 ± 100.5
45.0 ± 1.2
BSM
963.9 ± 387.0 2057.2 ± 426.2
56.0 ± 15.9
108.3 ± 55.0
IJR
41.3 ± 6.7
42.9 ± 6.3
38.5 ± 13.3
191.4 ± 47.8
CLR
1.16 ± 0.59
3.15 ± 1.17
13.0 ± 3.9
0
Sediment
LWH-J18
2.65 ± 0.25
3.05 ± 0.34
19.4 ± 1.4
22.2 ± 6.9
LWH-A19
--6.8 ± 0.4
14.6 ± 12.4 (2)
LSUL
2.32 ± 0.62
2.88 ± 0.44
18.0 ± 2.5
1.3 (1)
BLO
--15.8 ± 7.5
5.0 ± 3.4 (2)
UXA
10.2 ± 0.77
13.3 ± 2.7
-2.3 ± 2.3 (1)

43

Uptake rates for soils incubated with 25% CO varied considerably within and among
sites. At some sites no uptake was observed at 25 °C or 60 °C (14 of 24 sites and 13 of 26 sites,
respectively; Table 3.2). At the remaining sites, activity was observed in 1, 2 or all three
replicates (Table 3.2). Excluding sites that did not exhibit CO uptake (Table 3.2), rates at 25 °C
ranged from a low of 0.3 µmol gdw-1 d-1 (Kueny Ranch cultivated, Jul 2019; KRC-J19) to a high
of 31.5 ± 5.7 µmol gdw-1 d-1 (Amauulu Road cultivated, Dec 2018; ARC-D18). At 60 °C, CO
uptake rates for soils (Table 3.2) ranged from a low of 5.8 ± 0.8 µmol gdw-1 d-1 (Miyake-jima Oyama summit, OY) to a high of 174.0 ± 34.9 µmol gdw-1 d-1 (KRC-Jul18). CO uptake rates
varied significantly among sites for 25 °C (psoil = 5.89e-10) and 60 °C (psoil = 7.68e-10) (Figure
3.3A, B), and were significantly higher for 60 °C than for 25 °C (psoil = 9.723 e-08). CO uptake
was not observed for geothermally heated soils obtained from Hawai`i (Table 3.2). In contrast,
CO uptake was observed at 10 °C for select samples from cooler sites (Figure 3.4). In general,
trends in rates among soil site types incubated at 25 ºC decreased as forest ~ cultivated > arid >
unheated volcanic >> geothermally heated; at 60 ºC, rates declined from cultivated ~ forest >
unheated volcanic.
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Figure 3.3B.
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Figure 3.3. Box and whisker plot representation of CO uptake rates (µmol gdw-1 d-1) for each soil
site. CO uptake rates are shown at 25 °C (A) and at 60 °C (B). Median values are indicated by
solid bars.
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Figure 3.4. CO uptake rates (µmol gdw-1 d-1) for sites Baker Swamp, Maine (BSM), Grímsey
Island meadow (GIM), Lake Waiau, Hawai`i Apr 2019 (LWH-A19), (UXA) at 10 °C, 25 °C, and
60 °C. These sites experience temperatures < 25 °C. CO uptake rates are means ± 1 standard
error.
For flooded soil and unvegetated sediment samples (Table 3.3), CO uptake rates with
25% CO at 25 °C ranged from 6.8 ± 0.4 µmol gdw-1 d-1 (Lake Waiau, Hawai`i; LWH-A19) to
157.6 ± 29.1 µmol gdw-1 d-1 (Bluebonnet Swamp, June 2018; BBS-J18). CO uptake rates for
sediments at 60 °C (Table 3.3) ranged from 1.3 µmol gdw-1 d-1 (LSUL) to a high of 338.4 ±
100.5 !mol gdw-1 d-1 (BBS-A19). CO uptake rates (Figure 3.5A, B) varied significantly among
sites for 25 °C (psediment = 6.12e-06) and 60 °C (psediment = 5e-05). Uptake rates were considerably
higher for flooded soils than for unvegetated sediments but in contrast with soils, CO uptake
rates for 60 °C were not significantly higher than for 25 °C (psediment = 0.4239).
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Figure 3.5A.
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Figure 3.5B.
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Figure 3.5. Box and whisker plot representation of CO uptake rates (µmol gdw-1 d-1) for each
sediment site. CO uptake rates are shown at 25 °C (A) and at 60 °C (B). Median values are
indicated by solid bars.
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The sites selected for Alvord and Mickey Hot Springs (AHS and MHS, respectively)
included temperature gradients (Figure 3.6, Table 3.1, 3.4, B.3). For AHS, rates for samples
obtained from sites with ambient temperatures of 30 ºC and 60 ºC were comparable (Figure 3.6,
Table 3.4). However, rates were distinctly greater for samples obtained from a site at 70 ºC and
incubated at 70 ºC. Rates were lowest for AHS samples obtained from 30 ºC incubated at 60 ºC
(Figure 3.6, Table 3.4). Rates for MHS samples obtained from sites at 25 ºC and 35 ºC and
incubated at 25 ºC were similar (Figure 3.6, Table 3.4), but when incubated at 60 ºC, rates were
substantially higher for samples from sites at 35 ºC than from 25 ºC (Figure 3.4, Table 3.4). CO
uptake rates for MHS samples obtained from sites at 60 ºC then incubated at 60 ºC ranged
between 38.7 ± 8.5 and 68.8 ± 6.9 µmol gdw-1 d-1 but were not distinctly different than rates for
other MHS sites. No activity was observed for MHS samples collected at sites with temperatures
> 60 ºC (Figure 3.6, Table 3.4). Rates for two Borax Hot Springs (BHS) samples were lower
than rates for other sites regardless of the site or incubation temperatures (Figure 3.6, Table 3.4).
Table 3.4. CO uptake rates (µmol gdw-1 d-1) for hot springs, 25% CO under anaerobic conditions
at 25 °C and 60 °C. All uptake rates are means ± 1 standard error. Values in parentheses for 25%
CO indicate replicates the oxidized CO if < 3. Dashes indicate absence of analyses.
25% CO Uptake Rate
Site
25 °C
60 °C
MHS-J18 35
23.4 ± 11.7 (2)
97.1 ± 9.6
MHS-J18 60
-68.8 ± 6.9
MHS-J19 25
16.2 ± 1.7
17.0 ± 8.5 (2)
MHS-J19 60
-38.7 ± 8.5
AHS 30
40.9 ± 13.7 *
14.6 ± 0.8
AHS 60
-25.3 ± 0.8
AHS 70
-105.5 ± 43.1 #
BHS 46
5.4 ± 1.8 †
14.4 ± 0.8
BHS 60
-5.9 ± 3.5 (2)
* = 30 °C, † = 40 °C, # = 70 °C

48

Figure 3.6A.

Figure 3.6B.

Figure 3.6. CO Uptake rate (µmol gdw-1 d-1) vs. temperature (°C) for hot springs sites. Each
color represents a different hot spring site: blue=MHS-J18, green = MHS-J19, pink = AHS,
orange = BHS. Each solid square point represents portions of the hot springs present at low
temperatures and incubated at low temperatures. Each open square with slash point represents
low temperature sites incubated at 60 °C. Each solid triangle point represents portions of the hot
spring present at high temperatures and incubated at the high temperatures. CO uptake rates are
means ± 1 standard error.
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3.3.2. Temperature responses
Based on their geographic locations, several sites (BSM, KRF, GIM, OXA, and LWH)
experienced temperatures ≤ 10 °C for much of their annual cycle. For these sites, sample
incubation temperatures included 10 °C in addition to 25 °C and 60 °C. Activity at 10 ºC was
observed for all but KRF (Figure 3.2) with rates ranging from 2.3 ± 1.2 µmol CO gdw-1 d-1
(GIM) to 19.7 ± 10.2 gdw-1 d-1 (BSM). These rates were comparable to values observed for
many soil, flooded soil, and unvegetated sediment samples incubated at 25 °C (Tables 3.2-3.3).
At BSM, rates increased distinctly from 10 °C to 60 °C; less pronounced increases were
observed for LWH (Figure 3.2). At GIM, there was little difference between rates at 10 °C and
25 °C but an increase at 60 °C (Figure 3.2). In contrast, at Uxahryggjavegur Stream (UXA) rates
for 60 °C incubations were distinctly lower than rates at 10 °C.
Responses to temperatures from 25 °C – 70 °C by LSUC samples revealed a distinct
thermophilic optimum for CO uptake between 50 °C – 60 °C with a steep decline in activity at
temperatures > 60 °C and a more gradual decline for temperatures < 50 °C (Figure 3.5, Table
B.4). In contrast, samples from BBS exhibited a much broader optimum from about 45 °C - 70
°C. In addition, CO uptake rates at BBS typically exceeded rates at LSUC by ≥ 10-fold for given
temperatures although activation energies calculated from rates at temperatures lower than the
optimum at BBS were comparable to those for LSUC (-74.4 kJ mol-1 versus -74.1 kJ mol-1,
respectively).
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Figure 3.7. CO uptake rates (µmol gdw-1 d-1) for 25% CO at varying temperatures for sites
Bluebonnet Swamp (BBS) (Trial 1 and Trial 2) and LSU-cultivated (LSUC). All uptake rates are
means ± 1 standard error.
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3.3.3. Concentration responses
CO uptake rates varied with headspace CO concentrations. LSUC soils oxidized CO at all
concentrations tested from 100 ppm to 25% when incubated at 25 ºC (Figure 3.8, Table B.5). CO
uptake rates appeared to increase and then reached a plateau over a concentration range from 100
ppm to 5%; at higher concentrations CO uptake rates increased linearly with no evidence of
saturation. In contrast, BBSF soils oxidized CO at concentrations up to 1% but at higher
concentrations uptake was completely inhibited. At equivalent CO concentrations ≤ 1%, uptake
rates were greater for BBSF than LSUC (Figure 3.8).
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Figure 3.8. CO uptake rates (µmol gdw-1 d-1) for varying CO concentrations for LSU-cultivated
(LSUC) and Bluebonnet Swamp Forest (BBSF). All uptake rates are mean ± 1 standard error.
3.3.4. Apparent lag times for 25% CO uptake
Apparent lag times were defined as the time interval between collection of the initial
headspace samples and the point at which CO concentrations declined consistently. Apparent
lags for soils ranged among the various sites from a few hours to >2 months. For any given site
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as well as the sites collectively, apparent lags were typically longer for soils incubated at 25 °C
than at 60 °C (p = 1.41e-08), with significant differences in apparent lags among sites at both
temperatures (p = 5.24e-05 and 9.95e-08, respectively; Figure 3.9). In contrast, apparent lag
times for sediments behaved more variably as a function of incubation temperature. Although
apparent lags differed among sites at each temperature (25 °C: p = 1.44e-08; 60 °C: p = 1.64e06; Figure 3.10), the responses to incubation temperatures at individual sites varied, e.g., for
BBS, apparent lags decreased at 60 °C relative to 25 °C while at LWH apparent lags were
insensitive to incubation temperatures. Overall, lag times were similar for soils and sediments at
60 ºC but were shorter for sediments than soils at 25 °C.
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Figure 3.9. Box and whisker plot representation of apparent lag times (d) for each soil site. Lag
times are shown at 25 °C (A) and at 60 °C (B). Median values are indicated by solid bars.
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Figure 3.10A.
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Figure 3.10. Box and whisker plot representation of apparent lag times (d) for each sediment site.
Lag times are shown at 25 °C (A) and at 60 °C (B). Median values are indicated by solid bars.
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In a detailed analysis of CO uptake rate responses to temperature at LSUC and BBS, lag
times also varied with temperature. Specifically, lag times decreased with increasing temperature
between 25 ºC and 50 ºC and were relatively constant at higher temperatures. Values were
consistently greater for LSUC than BBS at the same incubation temperatures (Figure 3.11, Table
B.6); at LSUC lag times varied from means of 2.6 d to 38.8 d, while they varied from means of
0.7 d to 8.0 d at BBS.
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Figure 3.11. Apparent lag times (d) for 25% CO at varying temperatures for sites Bluebonnet
Swamp (BBS) (Trial 1 and Trial 2) and LSU-cultivated (LSUC). All lag times are means ± 1
standard error.
3.3.5. Hydrogenogenesis
Hydrogen accumulated in many of the samples during consumption of 25% CO. For soils
that produced hydrogen during incubations at 25 ºC, the final concentrations accounted for 7.34
% (IG-7) to 67.9 % (CCRF) of the added CO (Table 3.5), while at 60 °C, they accounted for
23.0% (IG-7) to 75.5 % of CO equivalents (BWM). For flooded soils and sediments incubated at
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25 °C, final hydrogen concentrations accounted for 4.4% (BLO) to 20.5% (BBS) of CO
equivalents. At 60 °C, final hydrogen concentrations accounted for 4.9% (IJR) to 71.8 % (BSM)
of the added CO.
Table 3.5. Final hydrogen concentration estimates for select soil and sediment sites.
Concentrations are expressed as percent (%) of CO equivalents. * indicates no CO uptake.
Hydrogen (% of CO equivalents)
Site
25 °C
60 °C
Soil
BWM
47.4 ± 23.7
25.2 ± 25.2
CCRF
67.9 ± 3.27
66.1 ± 2.01
LSUC
0
49.6 ± 3.28
*
BBSF
-30.3 ± 17.1
ARC
50.9 ± 3.24
33.3 ± 1.22
CL
30.1 ± 3.53
36.8 ± 1.05
IG-7
7.34 ± 7.34
23.0 ± 11.6
Sediment
BSM
0
71.8 ± 2.60
BBS
20.5 ± 4.87
39.1 ± 5.36
IJR
8.36 ± 6.12
4.90 ± 6.56
BLO
4.35 ± 2.25
16.1 ± 1.55
To assess the importance of hydrogenogenesis in more detail, hydrogen and methane
accumulation were measured for BBS samples during incubations at 25 ºC and 60 ºC with 2bromoethane sulfonic acid (BES, 25 mM) added as an inhibitor of methanogenesis. Although
methane did not routinely accumulate to significant levels during incubations with CO, it was
possible that in some cases hydrogenotrophic methanogenesis might have reduced the observed
hydrogen concentrations. During incubations at 25 °C, methane accounted for 0.2 ± 0.1 and 7.4 ±
2.5 % of CO equivalents with and without BES, respectively, while hydrogen accounted for 21.5
± 13.8% and 22.3% of CO equivalents with and without BES, respectively. At 60 °C, methane
accounted for 0.1 ± 0.01 and 0.1 ± 0.02% of CO equivalents with and without BES, respectively,
while hydrogen accounted for 66.3 ± 0.2 and 66.7 ± 0.9% of CO equivalents with and without
BES.
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3.3.6. Organic Matter and pH
Soil uptake rates for 10 ppm CO were positively correlated with organic matter for both
oxic (r = 0.57, p = 5.08e-08) and anoxic treatments (r = 0.49, p = 4.1e-06). However, CO uptake
rates were not correlated with soil pH (roxic = 0.19, ranoxic = 0.27). Uptake rates at 25% CO were
positively correlated with organic matter at 25 °C (r = 0.5, p = 0.002) but poorly correlated at 60
°C (r = -0.02, p = 0.60). Poor correlations were observed with pH regardless of incubation
temperature (25 °C: r = 0.22, p = 0.129; 60 °C: r = 0.29, p = 0.034).
CO uptake rates for sediments with 10 ppm CO were positively correlated with organic
matter under oxic and anoxic conditions (oxic: r = 0.73, p = 0.0001; anoxic: r = 0.81, p = 5.8e06). Rates at 10 ppm were negatively correlated with pH (oxic: r = -0.36, p = 0.08; anoxic: r = 0.39, p = 0.06). Uptake rates at 25% CO were positively correlated with organic matter at both
25 °C (r = 0.47, p = 0.004) and 60 °C (r = 0.54, p = 0.0002). Sediment pH was negatively
correlated uptake rates for 25 °C (r = -0.38, p = 0.03) and more strongly at 60 °C (r = -0.66, p =
0.001). Lag times were not correlated with organic matter or pH for either soil or sediment
samples at either temperature.
3.4. Discussion
Mo-dependent CO oxidation occurs in soils, sediments, freshwater and marine systems
(King & Weber, 2007). In contrast, Ni-dependent CO oxidation has been well documented in
thermophilic systems, such as hot springs, (Kochetkova et al., 2011; Yoneda et al., 2015), but the
extent of its distribution in other systems is poorly known.
Since atmospheric CO concentrations are low (≤ 1 ppm), assays conducted with low CO
concentrations can provide insights about activity that occurs in situ, particularly if the observed
activity occurs at atmospheric and sub-atmospheric levels. In this study, assays with 10 ppm CO
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headspaces facilitated comparisons of potential Mo-CODH (aerobic) and Ni-CODH (anaerobic)
activities. Both aerobic and anaerobic CO uptake occurred with no observable lag, which is
similar to a study by Bartholomew and Alexander (1979). The absence of a lag for anaerobic CO
uptake implicates an unknown capacity to affect soil-atmosphere CO dynamics when oxygen is
limited. In this study, aerobic and anaerobic CO uptake rates were similar (Table 3.2). In
previous studies, Bartholomew and Alexander (1979) found that anaerobic uptake rates were
higher than those from oxic conditions, while Conrad and Seiler (1980) and King (2006) found
that aerobic rates were higher than anaerobic rates. In addition, King (2007) found that aerobic
rates were higher than anaerobic rates in marine sediments. Although the observed anaerobic
uptake could be a result of Mo-dependent CODHs coupled with nitrate, King (2006) found that
that this was not likely based on responses of activity to additions of nitrate and chloroform,
which inhibit the Ni-CODH system. Additional studies with more sample types and locations
need to be conducted to address this role of nitrate, which occurs commonly in soils.
Results from this study show that the temperature range for Ni-dependent anaerobic CO
oxidation extends well beyond that of thermophiles, which represent the majority of cultured Nidependent CO oxidizers. CO uptake activity at 25 °C is widespread across soils, sediments, and
hot springs (Table 3.2-3.4). These sites represent diverse locations around the world, extending
the biogeography and possibilities to find novel Ni-dependent CO oxidizers in non-thermophilic
environments. For soils, CO uptake rates at 60 °C were higher than that at 25 °C, with only one
exception (ARC-D18) (Table 3.2). In contrast, CO uptake was not consistently higher at 60 °C
for flooded soils and unvegetated sediments; some sites had CO uptake rates lower for 60 °C
than at 25 °C (Table 3.3). For boreal soils and sediments, CO uptake activity was observed at 10
°C, 25 °C, and 60 °C (Figure 3.4). CO uptake activity at 10 °C suggests that psychrotrophs might
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be active in boreal soils and sediments, playing unsuspected roles in CO cycling in these
environments. The deep-sea has been a source of Ni-dependent CO oxidizing thermophiles
(Sokolova et al., 2001; Sokolova et al., 2004), but the seabed is also cold; these environments
may harbor more psychrotrophic Ni-COX. Activity at 60 °C in these sites that experience
temperature excursions that are quite low, as well as other mesothermal sites, can be attributed to
germination of thermophilic, spore-formers that persist in many widely distributed soils
(Marchant, 2002; Marchant et al., 2008). In addition to spore formers, thermophiles can be
present at ambient temperatures, but not grow at temperatures less than 40 °C (Marchant, 2002).
When the temperature changes to a permissive range for growth, these thermophiles become
active and grow. Due to the lack of growth and activity of thermophiles in a wide range of
locations, the hypothesis is that thermophiles are transported from the air and rain present
everywhere (Marchant, 2002; Marchant et al., 2008). Evidence from similar assays show that
thermophilic populations with and without 25% CO are distinct as a function of site (DePoy et
al., 2020). This suggests that thermophilic populations are not the same everywhere and that the
environmental selection is taking place.
In contrast to activity for mesothermal soils, activity for geothermally-heated soils was
limited, which was unexpected since many of the isolates known to oxidize CO anaerobically are
thermophiles (Alves et al., 2013; Kochetkova et al., 2020; Novikov et al., 2011; Sokolova et al.,
2001; Sokolova et al., 2002; Sokolova et al., 2004, 2005, 2009). These thermophilic
carboxydotrophs have been isolated primarily from hot springs, which do represent a different
sample type and environment than geothermally heated soils. One difference is that the solubility
of oxygen in aqueous environments declines with increasing temperatures, so there may be more
Ni-COX present in these anaerobic conditions of the hot spring sites. In this study, consistent
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with sources of cultured Ni-COX, CO uptake was observed across a range of temperatures in hot
springs (Figure 3.6). Responses in portions of hot springs that experience mesophilic
temperatures did not show consistent patterns in response to elevated temperatures.
Thermophiles from the source may be able to survive, but not grow, in regions further
downstream.
CO uptake at 25% showed considerable variability among soil samples and replicates,
while flooded soils and sediments behaved more consistently. In particular, samples from soil
sites were more likely to include replicates with no activity as well as replicates with significant
uptake (Table 3.2). This was notable because all replicates from all sites showed CO uptake
activity at 10 ppm concentrations. One possibility is that high CO concentrations proved
inhibitory but to a variable extent within and among samples. To address this possibility, CO
uptake assays were conducted with concentrations from 100 ppm to 25%. Results from these
assays, as well as assays conducted with volcanic deposits (DePoy et al., 2020), showed CO
inhibition developing at concentrations ≥ 1% (Table B.7). These results suggest that stochastic
processes within soil samples might determine which populations respond to additions of high
CO concentrations; some of these populations might be less sensitive than others to CO
inhibition. Less variability for flooded soil and sediment sites than for soils might be a
consequence of more extensive anoxia in former and a greater diversity of potential CO oxidizers
that can respond to CO additions.
Detailed responses of CO oxidation to temperature were conducted with BBS and LSUC
(Figure 3.7). Both sites had temperature optima in the range of thermophiles (~ 50 – 60 °C). This
temperature optima agrees with previous literature, that Ni-dependent CO oxidation seems to be
a predominately thermophilic process. However, the process does encompass a broad
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temperature range (Figure 3.7). Microbial communities present in these soils encompass multiple
populations with different temperature optima and biomasses, and CO uptake activities measured
here involve responses from all of these populations. For similar assays, microbial communities
at 60 °C are distinct from communities at 25 °C (DePoy et al., 2020). Collectively, these results
suggest that there is a large population of CO oxidizing thermophiles that are more abundant and
active than populations with optima at lower temperatures.
For the soils in this study, apparent lag times prior to measurable CO uptake were longer
at 25 °C than at 60 °C. This suggests that mesophilic Ni-COX populations responded more
slowly than their thermophilic counterparts. This might reflect larger populations of thermophilic
Ni-COX as well as more rapid physiological adaptations by thermophile to use high CO
concentrations. Regardless, lag times at both temperatures likely represented transitional periods
during which Ni-COX populations adapted to and grew with exogenous CO. Curiously,
differences in lag times as a function of temperature were not as consistent for flooded soils and
sediment sites. At some sites, lags at 25 °C and 60 °C were similar (e.g., LWH) while at others,
they were lower at 60 °C (e.g., BBS). In addition, apparent lags were typically shorter for
sediment samples at 25 °C than that for soils. These observations might be a consequence of
more extensive anoxia in flooded soils and sediments supporting larger populations and
promoting greater activity of mesophilic Ni-COX than occurs in soils.
Correlations between soil organic matter concentrations and uptake rates with 10 ppm
CO for both oxic and anoxic treatments are consistent with previous reports for relationships
with atmospheric CO uptake (King, 2000). In the latter case, elevated uptake rates associated
with increased organic matter have been attributed to larger populations of Mo-COX. Ni-COX
populations active at both low and high CO concentrations appear to respond similarly.
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Microbial biomass typically accounts for about 1-3% of the organic carbon present in soils
(Gregorich et al., 1997). Therefore, an increase in organic matter should increase the microbial
biomass available to oxidize the CO. It is important to note that the microbial biomass can be
influenced by other factors, such as the amount of soil N and pH (Gregorich et al., 1997).
Although Ni-COX populations likely grew at the expense of 25% CO during and after the
observed lag periods, exogenous CO was not the only variable that affected uptake rates.
Correlations between organic contents and CO uptake rates indicate that increasing organic
matter may promote larger and more active mesophilic Ni-COX populations and greater
persistence of thermophilic Ni-COX. The latter point is especially intriguing, since thermophiles
have been well documented in temperate soils, but little is known about the factors that
determine the population sizes, persistence, or activities.
Lag times prior to CO uptake provide an indication of the responsiveness of the various
sites and temperature treatments to CO addition. Poor correlations between CO uptake rate and
apparent lags suggest that lag time is not a determining factor for CO uptake rate. Explanation of
these results might be provided by the population growth that occurs during the lag period.
Populations that grow have different uptake capacities for the CO, which is not determined by
how long it takes for the populations to grow. Additionally, lag time is not determined by organic
matter. Microbial biomass may decrease with decreasing organic matter. Despite this reduction,
the time it takes for the populations to respond to the additions of CO does not correlate with the
organic matter.
Sites that had a strongly acidic pH (< 3) showed limited CO uptake activity with 25% CO
concentrations. The negative correlations between CO uptake rate and pH were modest for
sediment samples. However, this correlation is largely driven by an apparent distinction in sites
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with rooted vegetation (Ibaraki and Crowley rice paddies, Bluebonnet Swamp, and Baker
Swamp). Due to this separation and grouping of sites, the interpretation of this CO uptake rate
and pH correlation is limited. For soils, there was no correlation between pH and CO uptake rate.
These results show that pH is not a driving factor for CO uptake rate. These results differ from a
study conducted by Inman et al. (1971), which found that low pH soils exhibit higher CO uptake
rates. However, that study did not use the diverse sample types and sites that are presented here.
Sites with extremely low water potentials in situ, were adjusted to levels that would
support microbial activity. However, activity was still limited. This lack of CO uptake after
water potential adjustment was unexpected given other studies that have shown that CO uptake is
sensitive to water potential, inhibited or reduced in desiccation and restored in rehydration
(Weber & King, 2009). One site that did exhibit uptake activity after water potential adjustment
was Mickey Hot Springs Playa (MHSP) at 25 °C. MHSP experiences a seasonal wet period,
which offers an explanation for these results. Populations that experience an occasional wet
period may be able to respond quickly to the adjustment to the water potential and additions of
CO.
Estimations of final hydrogen concentrations suggest that hydrogenogenesis accounts for
a significant portion of CO uptake. Hydrogen concentrations vary by site and do not show a clear
pattern with respect to temperature or sample type. In more detailed assays of CO uptake and
hydrogen/methane production, hydrogen concentrations were considerably higher for 60 °C as
compared to 25 °C. This result could be expected from previous studies; many of the Ni-COX
isolates are thermophilic, hydrogenogenic carboxydotrophs (Alves et al., 2013; Novikov et al.,
2011; Omae et al., 2019; Sokolova et al., 2004). The hydrogen concentration equivalents
presented in this study do not account for hydrogen sinks, such as acetogenesis or
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hydrogenotrophic methanogenesis, which makes these concentrations an underrepresentation of
the amount of hydrogenogenesis that takes place. Although methane did not accumulate to
significant concentrations at 25 °C, concentrations were higher than that at 60 °C.
This study used a wide range of soils and sediments that experience diverse climatic and
ecological conditions to suggest that ecological niche of the process is more widely distributed.
CO uptake occurred in mesothermal and even psychrotrophic soils and sediments for both low
(10 ppm) and high (25%) concentrations. Organic matter seems to be a driver for anaerobic CO
uptake, while pH is not. Expanding these insights into which microbial communities are
responsible for Ni-dependent CO oxidation could be the next step in establishing a greater
picture into the distribution and diversity of this process.
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Chapter 4. Conclusions
This research aimed to provide insights into the distribution, diversity, and
biogeochemical significance of anaerobic CO uptake. Early in Earth’s history, anaerobic CO
uptake was likely widely distributed occurring in various groups of bacteria; the extent to which
this distribution remains is underreported. Previous studies have collectively suggested that Nidependent CO oxidation occurs primarily in thermophilic environments (Kochetkova et al.,
2011; Yoneda et al., 2015) and may be restricted primarily to thermophiles (Alves et al., 2013;
Novikov et al., 2011; Slepova et al., 2006; Sokolova et al., 2002; Sokolova et al., 2004, 2009).
Reported mesophilic CO uptake activity under anaerobic conditions has been limited.
CO uptake assays with 10 ppm provided comparisons of CO oxidation based on MoCODH or Ni-CODH. Results from these assays show that Ni-dependent CO uptake at low and
even sub-atmospheric levels is widespread, also occurring in sites that are in early stages of
successional development (sites IG-7 and OY from Miyake-jima, Japan representing recent
volcanic deposits). The CO uptake rates for oxic and anoxic treatments were comparable across
the sites, which provides evidence that microbial communities can play roles in CO-atmosphere
dynamics when oxygen is limited or not present. Few studies conducted CO uptake assays with
low concentrations of CO under both aerobic and anaerobic conditions (Bartholomew &
Alexander, 1979; Conrad & Seiler, 1980; King, 2006; King, 2007). In those cases, CO uptake
rates differed between oxic and anoxic treatments, but this could represent varying site-specific
responses.
CO uptake with 25% CO provided insights into the capacity for anaerobic CO uptake by
different microbial communities with respect to temperature and location. With few exceptions,
CO uptake rates were significantly higher for 60 °C compared to rates at 25 °C. Mesothermal
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soils and sediments were not only active at 25 °C, but also at 60 °C. This is indicative of
thermophilic bacteria that are able to persist in a dormant state, which is supported by previous
research (Marchant, 2002; Marchant et al., 2008). Surprisingly, CO uptake in geothermal
volcanic sites was limited. For hot springs sites, some portions experience in situ temperatures >
60 °C. One of two hot spring sites at 70 °C exhibited CO uptake, while the other did not. Sites
that experience in situ temperatures < 25 °C showed CO uptake at 10 °C, which has not been
reported previously. Additional psychrothermic sites are needed to better assess the distribution
of anaerobic CO uptake at lower temperatures. CO uptake activity for 25% occurred with lag
times that varied with incubation temperature and among sites. Lag times were significantly
higher for 25 °C compared to 60 °C for soils, but not sediments. The number of sediment sites
was considerably lower than soil sites, so additional sampling would help support this trend.
Some of the potential controls of anaerobic CO uptake were identified in this study. CO
concentration sensitivity seems to play a role in variability at high CO concentrations. The CO
sensitivity appears stochastic in nature, but more sites would clarify this trend. Temperature also
plays a role in CO uptake rate and there is evidence for an uptake maximum around 50-55 °C.
Organic matter was explored as a possible driver of CO uptake rate and results show that there
was a positive correlation. The degree of explanatory power of these correlations varied among
sample types. Previous research has shown that increased organic matter results in greater
microbial biomass, which leads to the postulate that there are more CO-oxidizers present to
oxidize the CO (Gregorich et al., 1997). Therefore, correlations between organic matter and CO
uptake rate are to be expected. In addition, pH was thought to be a potential driver of CO uptake
activity. However, there was no correlation between pH and CO uptake rate for either sample
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type or CO concentration. Other factors, such as soil mineral and nitrogen content, could
influence CO uptake but were not investigated in this study.
Results of microbial community analysis for sites in varying stages of successional
development revealed known and putative Ni-COX. In some cases, exogenous CO altered
microbial communities even when CO uptake activity was not observed. Beta diversity analyses
revealed that community differentiation occurs with respect to temperature and age/successional
development. With increased number of sites, beta diversity analyses showed variable
differentiation of microbial communities at 25 °C and 60 °C. Microbial communities were not
distinct for 25% CO treatments but revealed putative Ni-dependent CO oxidizers. These
observations suggest that the diversity of Ni-COX is greater than previously imagined.
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Appendix A. Supplementary Data for Chapter 2
Table A.1. Phyla present at mean relative abundances > 1% for No CO 25°C at sites CL, IG-7 and OY.
Site

CL 1

CL 2

CL 3

IG-7 1

IG-7 2

IG-7 3

OY 1

OY 2

OY 3

Phylum
Proteobacteria

39.7

39.9

41.9

0.78

2.15

0.43

34.3

33.3

36.2

Acidobacteria

22.8

21.7

21.8

39.8

43.6

39.9

15.1

13.9

17.1

Verrumicrobia

12.9

13.5

12.6

1.89

1.81

2.22

2.03

1.68

1.69

Bacteroidetes
Chloroflexi

8.94

8.19

7.52

5.82
8.81

7.24
6.46

7.78
7.50

4.31
21.5

2.73
23.7

1.59
18.6

Actinobacteria

1.52

1.65

2.12

10.4

7.24

7.78

4.58

4.54

6.04

Planctomyces

6.85

6.94

7.00

4.31

4.45

2.16

7.60

7.31

7.08

6.42

6.26

6.22

2.67

3.44

2.38

1.57

1.62

1.87

2.17

2.67

2.85

Candidate Phyla WPS-2
Patescibacteria

1.68

1.73

1.56

Thaumarchaeota
Planctomyces
Rokubacteria

5.98
1.87

5.05
2.12

4.75
1.61

Latescibacteria

1.29

1.31

2.32
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Table A.2. Genera present at mean relative abundances > 1% for No CO 25°C at sites CL, IG-7 and OY.
Site
CL 1 CL 2 CL 3 IG-7 1 IG-7 2 IG-7 3 OY 1 OY 2
Genus
Pseudolabrys
6.77
7.51
6.99
7.51
6.99
Bradyrhizobium
4.88
5.01
6.26
5.01
6.26
3.79
2.46
Candidatus Udaeobacter
12.9
14.1
15.1
14.1
15.1
Chthoniobacter
Candidatus
Xiphinematobacter
Acidibacter
Acidobacteria JGI 0001001H03
Flavobacterium
ADurb.Bin063-1
Reyranella
Haliangium
Acidobacteria RB41
Xylophilus
Candidatus Solibacter
Bryobacter
Acidothermus
Roseiarcus
Bryobacter
Burkholderia-CaballeroniaParaburkholderia
Pajaroellobacter
Occallatibacter
Mucilaginibacter
(table cont’d)

2.20

1.90

1.81

1.90

1.81

6.21

6.80

5.92

6.80

5.92

3.39

3.54

3.81

4.56

5.33

5.49

4.58

4.50

4.58

4.50

2.63
2.28
2.21
2.12
3.36
1.87
2.05
2.06

2.71
2.41
1.80
2.50
3.00
1.53
1.78
2.01

2.19
1.93
2.17
1.93
2.50
1.28
1.62
1.45

3.30
2.11
5.71

2.71
2.41
1.80
0
3.00
1.53
2.74
2.01
2.78
4.20
4.93

2.19
1.93
2.17
2.75
2.50
1.28
4.19
1.45
1.68
3.87
8.73

7.20

4.76

5.92

2.10
4.09
4.81

6.42
0
3.21

3.74
5.91
3.24

5.15

2.78

4.96

70

OY 3

2.16

4.86

4.46

2.17

0

3.01

4.52

Site
Genus
Terracidiphilus
Sphingomonas
Opitutus
Ktedonobacteraceae 1921-2
Noviherbasspirillum
Candidatus Nitrosotalea
Phenylobacterium
Alkanibacter
Nevskia
Limnobacter
Pseudomonas
Aquabacterium
Marmoricola
Anaeromyxobacter
Turneriella
Ralstonia

CL 1

CL 2

CL 3

IG-7 1

IG-7 2

IG-7 3

4.02
2.76

3.60
2.16

2.90
0
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OY 1

OY 2

OY 3

4.33
2.24
0
4.69
5.27
1.54
4.98
0
0
4.83
1.47
3.50
0
10.6

1.38
2.95
2.28
4.81
2.21
6.04
5.59
5.38
0
3.05
2.68
2.67
3.22
2.35

2.31
1.57
2.96
5.26
7.72
1.23
4.67
1.26
5.12
1.35
4.58
0
1.34
0

Table A.3. Phyla present at mean relative abundances > 1% for 25% CO 25°C at sites CL, IG-7 and OY. * indicates replicates that had
no CO uptake activity for the community change assay.
IG-7 1 IG-7 2 IG-7 3 OY 1
OY 2 OY 3
Site
CL 1
CL 2 CL 3
*
*
*
*
*
*
Phylum
Firmicutes
2.57
1.04
1.60
25.5
46.4
27.3
Proteobacteria
41.9
41.6
41.6
32.2
22.8
27.1
23.2
34.5
40.6
Acidobacteria
22.2
22.3
24.0
14.4
10.4
11.8
8.89
10.7
11.2
Verrumicrobia
11.9
10.9
12.2
3.51
2.02
3.80
11.0
3.88
3.60
Bacteroidetes
5.69
8.16
6.23
4.99
2.00
3.36
23.1
10.7
10.8
Chloroflexi
2.04
1.62
1.18
8.40
5.48
12.5
21.8
26.0
22.9
Actinobacteria
2.13
2.08
1.56
3.99
3.80
5.55
1.97
3.53
1.73
Planctomyces
6.41
6.39
5.97
4.60
4.72
6.09
4.53
5.17
4.15
Candidate WPS-2
1.90
4.35
3.06
Patescibacteria
Thaumarchaeota
Rokubacteria
Latescibacteria

0.47
1.41
2.01
12.0

1.89
1.42

1.83
1.72
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1.20
1.30

2.43
2.08

Table A.4. Genera present at mean relative abundances > 1% for 25% CO 25°C at sites CL, IG-7 and OY. * indicates replicates that
had no CO uptake activity for the community change assay.
IG-7 1 IG-7 2 IG-7 3 OY 1 OY 2 OY 3
Site
CL 1 CL 2 CL 3
*
*
*
*
*
*
Genus
Pseudolabrys
6.69
7.33
6.82
0
5.13
2.13
Bradyrhizobium
6.54
6.54
5.79
0
13.5
4.47
Candidatus Udaeobacter
16.4
14.4
15.8
Acidibacter
3.76
3.47
4.41
Acidobacteria JGI 0001001-H03
2.65
3.87
4.35
Pelosinus
4.27
0
2.17
Flavobacterium
0
3.17
2.11
Verrucomicrobia ADurb.Bin063-1 2.94
1.89
2.09
Reyranella
2.32
2.64
2.55
Haliangium
1.47
2.41
1.98
Acidobacteria RB41
2.40
2.36
2.22
Aquisphaera
2.28
1.54
1.25
Xylophilus
1.60
1.70
1.37
Candidatus Solibacter
1.60
1.78
1.52
1.32
3.32
2.87
Desulfitobacterium
42.0
12.4
41.3
Clostridium sensu stricto 12
0
23.5
0
Clostridium sensu stricto 10
0
12.4
3.03
Candidatus Koribacter
7.54
3.18
2.76
Acidothermus
0
2.78
4.93
Fonticella
0
4.28
0
Sediminibacterium
0
3.60
3.13
42.1
2.13
32.2
Roseiarcus
0
2.02
2.93
(table cont’d)
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Site

CL 1

CL 2

CL 3

IG-7 1
*

IG-7 2
*

IG-7 3
*

Genus
Opitutus
Ktedonobacteraceae 1921-2
Bryobacter
Halophaga
Noviherbasspirillum
Ralstonia

OY 1
*

OY 2
*

OY 3
*

16.7
1.78
2.66
1.83
0
1.73

6.79
5.15
4.73
2.40
4.66
2.96

5.28
2.35
0
3.49
1.95
1.01

Table A.5. Phyla present at mean relative abundances > 1% for No CO 60°C at sites CL, IG-7 and OY.
Site
CL 1 CL 2 CL 3 IG-7 1 IG-7 2 IG-7 3
OY 1
OY 2
OY 3
Phylum
Firmicutes

35.9

60.6

46.3

Proteobacteria
Acidobacteria
Verrumicrobia

38.5
5.41
3.85

21.3
4.60
2.09

31.7
4.85
3.09

Bacteroidetes
Chloroflexi
Actinobacteria
Rokubacteria

2.40
2.63
4.89
1.99

0.43
3.67
2.41
1.43

1.98
2.42
3.32
1.98

98.2

13.5

99.2

0.85

96.3

98.3

NA

91.7

0.21

NA

6.22

0

NA

2.07

3.57
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Table A.6. Genera present at mean relative abundances > 1% for No CO 60°C at sites CL, IG-7 and OY.
Site

CL 1

CL 2

CL 3

Genus
Geobacillus
Paenibacillus
Tumebacillus
Bacillus
Pseudolabrys
Bradyrhizobium
Candidatus Udaeobacter

4.12
3.28
9.53
4.19
4.61
3.80
4.83

4.09
23.4
18.9
9.88
3.18
3.72
4.22

5.25
6.67
6.25
6.95
6.93
5.62
5.76

1.74
0
18.7
7.01

0
0
0
0

5.65
3.75
0
0

Anoxybacillus
Caldanaerobius
Thermoanaerobacterium
Symbiobacterium
Effusibacillus
Alicyclobacillus
Kyrpidia
Brevibacillus

IG-7 1

IG-7 2

IG-7 3

OY 1

OY 2

OY 3

17.8
2.04

0
3.68

9.87
5.06

0

NA

9.04

0

86.8

41.6

15.6

NA

0

2.54
74.6

1.05
36.2

2.76
0
65.7
1.73

NA
NA

53.7
7.97

Table A.7. Phyla present at mean relative abundances > 1% for 25% CO 60°C at sites CL, IG-7 and OY. * indicates replicates that had
no CO uptake activity for the community change assay.
Site
Phylum
Firmicutes
Proteobacteria
Acidobacteria
Verrumicrobia
Chloroflexi
Actinobacteria
Rokubacteria

CL 1

CL 2

CL 3

IG-7 1 *

IG-7 2 *

IG-7 3

OY 1

OY 2 *

OY 3*

60.8
25.1
3.21
1.53
2.42
2.51
0

50.8
28.7
3.84
2.13
3.50
3.09
2.57

46.8
30.5
3.98
2.69
4.06
4.40
1.89

95.2
2.91

98.9
0.61

98.0
1.19

100

99.1

100
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Table A.8. Genera present at mean relative abundances > 1% for 25% CO 60°C at sites CL, IG-7 and OY. * indicates replicates that
had no CO uptake activity for the community change assay.
Site
CL 1 CL 2 CL 3 IG-7 1 * IG-7 2 * IG-7 3 OY 1 OY 2 * OY 3 *
Genus
Geobacillus
27.2
22.1
21.0
Paenibacillus
12.0
17.3
12.2
Tumebacillus
10.7
6.12
5.72
0
0
66.3
13.8
0
0
Bacillus
8.04
10.1
8.76
33.6
9.41
1.32
Tuberibacillus
5.11
1.84
8.59
Pseudolabrys
3.37
4.91
5.03
Ktedonobacteraceae 1959-1
1.59
2.84
3.70
Bradyrhizobium
2.17
3.02
3.45
Candidatus Udaeobacter
1.68
2.73
3.28
Anoxybacillus
0
2.50
1.37
Caldanaerobius
8.44
0
0
Pedomicrobium
1.47
2.25
1.64
Cohnella
1.00
2.15
0
Thermoanaerobacterium
0
42.8
0
Effusibacillus
6.07
27.3
0
Alicyclobacillus
18.8
5.22
0
Moorella
35.1
25.1
19.3
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Table A.9. Alpha diversity metrics for all treatments (T0, No CO 25°C, 25% CO 25°C, No CO
60°C and 25% CO 60°C) for Sites CL, IG-7 and OY. * indicates replicates that had no CO
uptake activity for the community change assay. NA values were samples that were removed
after rarefying to the minimum sample depth (10,609).
Treatment

Chao1

Shannon

T0
CL

1804.5

1566.9

1422.1

6.66

6.57

6.47

IG-7

805.8

1162.5

1172.6

6.00

6.39

6.33

OY

533.4

504.0

497.2

4.96

4.87

5.05

CL

1659.6

1772.3

1753.5

6.72

6.70

6.66

IG-7
OY

1252.7
476.8

1304.2
652.6

1199.6
506.9

6.39
4.99

6.52
5.01

6.40
5.06

CL

1420.3

1885.1

1712.6

6.39

6.70

6.59

IG-7
OY

1044.4*
476.1*

1014.8*
415.5*

1156.9*
428.4*

5.10*
4.09*

5.00*
4.40*

5.52*
4.42*

1819.2
90.8

1137.6
82

1584.2
74.2

5.87
1.89

4.54
0.91

5.04
2.01

CL
IG-7

1150.1
NA*

1135.9
49*

1467.9
116.2

4.82
NA*

5.38
2.22*

5.46
1.18

OY

NA

NA

NA

NA

NA

NA

No CO 25 °C

25% CO 25 °C

No CO 60 °C
CL
IG-7
OY
25% CO 60 °C
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Table A.10. Phyla present at mean relative abundances > 1% for T0 at sites CL, IG-7 and OY.
Site
CL 1 CL 2 CL 3 IG-7 1 IG-7 2 IG-7 3
OY 1
OY 2

OY 3

Phylum
Proteobacteria

43.2

41.2

36.4

52.5

42.7

46.9

28.0

31.2

35.4

Acidobacteria

21.3

23.9

29.7

14.8

18.0

46.9

15.5

15.9

20.3

Verrumicrobia

14.0

14.6

15.9

7.86

7.59

7.90

Bacteroidetes

6.23

6.34

5.21

7.67

7.75

7.96

4.84

4.38

3.31

Chloroflexi
Actinobacteria
Planctomyces

1.49
1.98
5.98

1.27
1.69
5.05

0.77
0.74
4.75

5.20
2.29
4.80

9.40
3.08
5.71

6.92
2.47
4.95

25.9
4.40
8.72

27.1
3.91
6.49

15.8
6.14
6.29

3.10

2.13

2.00

2.05

1.23

1.70

1.46

1.34

0.73

Candidate Phyla WPS-2
Thaumarchaeota

2.05

1.23

1.70

Elusimicrobia
Rokubacteria
Latescibacteria

1.46
2.03
1.29

1.34
1.86
1.31

0.73
2.38
2.32

Armatimnoadetes
Candidate Phyla
FCPU426

2.17

2.67

2.85

1.48

1.12

1.09

0.38

1.48

1.19

78

Appendix B. Supplementary Data for Chapter 3
Table B.1. Physical characteristics (pH, OM (%), temperature of collection (°C), and water content (g gdw-1) for soils. All values are
means ± 1 standard error.
Site
Forest Soil
Bluebonnet Swamp Forest (BBSF)
Baker Wood, Maine (BWM)
Mesquite Stand Death Valley (MSDV)
Chain of Craters Road Forest, Dec 2018 (CCRF-D18)
Chain of Craters Road Forest, Apr 2019 (CCRF-A19)
Wright Road Forest (WRF)
Kipukakulalio Acacia koa (KKL)
Kipukakulalio Acacia koa-burned (KKL-burned)
Puhimau Geothermal Area A, Dec 2018 (PGA-D18)
Puhimau Geothermal Area A, Apr 2019 (PGA-A19)
Kilauea Pu`u Pua`i Canopy (PPC)
Miyake-jima forest (CL)
Cultivated Soil
LSU-cultivated (LSUC)
Kueny Ranch Cultivated, Jun18 (KRC-J18)
Kueny Ranch Cultivated, Jul19 (KRC-J19)
Amauulu Road Cultivated, Jul 2018 (ARC-J19)
Amauulu Road Cultivated, Dec 2018 (ARC-D18)
Geothermally-heated Volcanic Soil
Kilauea Sulphur Bank A (KSB-A)
Kilauea Sulphur Bank B (KSB-B)
Puhimau Geothermal Area B (PGB)
Puhimau Geothermal Area C, Dec 2018 (PGC-D18)
Puhimau Geothermal Area C, Apr 2019 (PGC-A19)
Unheated Volcanic Soil
Miyake-jima Igaya-7 (IG7)
Miyake-jima summit (OY)
Kilauea Pu`u Pua`i Bare (PPB)
Kilauea Mauna Ulu (KMU)
Kilauea Hilina Pali (KHP)
Krafla Caldera, Iceland Aug 2018 (KRF-A18)

pH

OM

Temperature

Water Content

5.4 ± 0.95
5.5 ± 0.03
3.2 ± 0.10
5.2 ± 0.07
5.2 ± 0.07
4.5 ± 0.14
5.5 ± 0.04
5.82 ± 0.06
5.8 ± 0.04
5.8 ± 0.04
4.1 ± 0.17
5.2 ± 0.05

6.0 ± 0.1
17.6 ± 1.6
3.2 ± 0.1
23.3 ± 2.8
24.2 ± 1.7
51.9 ± 3.0
31.0 ± 1.2
42.9 ± 9.87
1.7 ± 0.1
1.7 ± 0.1
96.8 ± 0.9
21.8 ± 0.5

30.0
19.4
43.2
17.3
18.6
19.5
16.8
24.7
24.5

0.40 ± 0.003
0.58 ± 0.04
0.99 ± 0.001
0.51 ± 0.07
0.62 ± 0.05
1.29 ± 0.31
0.66 ± 0.05
0.35 ± 0.10
0.05 ± 0.007
0.11 ± 0.02
4.49 ± 0.30
0.77 ± 0.03

5.7 ± 0.06
7.1 ± 0.08
7.1 ± 0.08
5.6 ± 0.11
5.6 ± 0.11

4.1 ± 0.1
6.8 ± 0.3
5.5 ± 0.2
29.7 ± 0.8
31.6 ± 0.6

34.8
29.2
33.8
27.1

0.18 ± 0.001
0.23 ± 0.008
0.08 ± 0.01
0.77 ± 0.02
0.68 ± 0.01

2.6 ± 0.09
3.8 ± 0.11
6.6 ± 0.07
6.7 ± 0.04
6.7 ± 0.04

11.2 ± 1.3
9.5 ± 0.3
6.9 ± 1.5
11.3 ± 1.3
11.3 ± 1.3

93
25.6
63
83
81

0.44 ± 0.02
0.71 ± 0.02
0.34 ± 0.11
0.73 ± 0.10
1.45 ± 0.50

4.5 ± 0.03
4.8 ± 0.05
5.6 ± 0.04
5.3 ± 0.03
5.1 ± 0.08
6.2 ± 0.06

1.7 ± 0.1
3.1 ± 0.4
1.4 ± 0.3
0.8 ± 0.1
2.1 ± 0.4
16.3 ± 1.5

22.1
22.4
25.4
34.8
39.4
10.1

0.24 ± 0.02
0.19 ± 0.003
0.11 ± 0.02
0.007 ± 0.003
0.02 ± 0.002
0.70 ± 0.04

(table cont’d)
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18.1
24.1

Site
Unheated Volcanic Soil
Krafla Caldera, Iceland Aug 2019 (KRF-A19)
Grímsey Island meadow (GIM)
Arid Soil
Mickey Hot Springs unheated soil (MHSU)
Mickey Hot Springs playa soil (MHSP)
Kueny Ranch Uncultivated (KRU)
Alvord Basin Pan, Borax-1 (ABPB1)
Alvord Basin Pan, Borax-2 (ABPB2)
Hastings Cutoff, Utah (HCU)

pH

OM

Temperature

Water Content

6.2 ± 0.06
5.8 ± 0.07

9.3 ± 0.4
8.7 ± 0.4

9.7
7.7

0.53 ± 0.02
0.31 ± 0.03

9.7 ± 0.07
9.9 ± 0.12
7.0 ± 0.12
9.3 ± 0.02
9.8 ± 0.08
9.8 ± 0.12

3.5 ± 0.3
3.0 ± 0.1
6.1 ± 0.2
18.3 ± 0.3
11.4 ± 0.1
1.4 ± 0.07

43.0
54.2
28.1
26.7
45.2

0.07 ± 0.008
0.013 ± 0.001
0.07 ± 0.005
1.09 ± 0.07
0.53 ± 0.02
0.002 ± 0.0005

Table B.2. Physical characteristics (pH, OM (%), temperature of collection (°C), and water content (g gdw-1) for flooded soils and
sediments. All values are means ± 1 standard error.
Site
Flooded Soil
Bluebonnet Swamp Jun 2018 (BBS-J18)
Bluebonnet Swamp, Apr 2019 (BBS-A19)
Baker Swamp, Maine (BSM)
Ibaraki, Japan Rice (IJR)
Crowley, Louisiana Rice (CLR)
Sediment
Lake Waiau, Hawai`i June 2018 (LWH-J18)
Lake Waiau, Hawai`i Apr 2019 (LWH-A19)
LSU Lake (LSUL)
Borax Lake, Oregon (BLO)
Uxahryggjavegur Stream (UXA)

pH

OM

Temperature

Water Content

5.8 ± 0.08
5.8 ± 0.08
5.2 ± 0.05
5.2 ± 0.12
6.4 ± 0.12

27.8 ± 0.7
25.9 ± 1.1
53.3 ± 2.1
9.6 ± 0.3
3.9 ± 0.1

27.9
18.2
18.2
13.1
21.3

8.02 ± 0.41
4.48 ± 0.60
15.2 ± 4.57
0.63 ± 0.04
0.31 ± 0.01

7.2 ± 0.07

4.5 ± 0.1

9.2
6.5
28.5
23.5
9.1

0.64 ± 0.06
1.00 ± 0.30
0.19 ± 0.001
0.94 ± 0.17
1.25 ± 0.06

7.2 ± 0.07

9.8 ± 4.4

8.3 ± 0.26
7.3 ± 0.02
--

0.2 ± 0.05
8.3 ± 0.4
13.9 ± 0.3
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Table B.3. Physical characteristics (pH, OM (%), temperature of collection (°C), and water content (g [gdw]-1) for hot springs. All
values are means ± 1 standard error.
Site
pH
OM
Temperature Water Content
Mickey Hot Springs, July 2018, 35 ºC
-8.0 ± 0.3
35
1.16 ± 0.09
Mickey Hot Springs, July 2018, 60 ºC
-4.3 ± 0.3
60.0
0.57 ± 0.02
Mickey Hot Springs, July 2018, 86 ºC
-4.7 ± 0.4
86
0.55 ± 0.04
Mickey Hot Springs, July 2019, 25 ºC
8.3 ± 0.12 10.2 ± 1.0
25.2
2.04 ± 0.31
Mickey Hot Springs, July 2019, 60 ºC
9.0 ± 0.08
4.2 ± 0.4
60
1.88 ± 0.38
Mickey Hot Springs, July 2019, 69 ºC
7.3 ± 0.03
4.9 ± 0.2
69.2
1.35 ± 0.30
Alvord Hot Springs, 30 ºC
8.0 ± 0.05
7.9 ± 0.4
30
2.71 ± 0.16
Alvord Hot Springs, 60 ºC
7.2 ± 0.32
9.5 ± 0.7
60
4.36 ±0.96
Alvord Hot Springs, 70 ºC
7.5 ± 0.28
4.5 ± 0.3
74
0.87 ± 0.02
Borax Hot Springs, 46 ºC
7.3 ± 0.03
4.1 ± 1.5
45.7
1.98 ± 0.27
Borax Hot Springs, 60 ºC
7.3 ± 0.02
8.3 ± 0.4
60.5
0.88 ± 0.30
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Table B.4. CO uptake rates (µmol gdw-1 d-1) for 25% CO at varying temperatures for sites
Bluebonnet Swamp (BBS) (Trial 1 and Trial 2) and LSU-cultivated (LSUC). All uptake rates are
means ± 1 standard error.
Site
Temperature 25% CO uptake Rate
25
58.4 ± 8.46
30
99.50 ± 15.6
BBS 1
40
715.5 ± 234.8
50
948.1 ± 14.5
60
671.0 ± 17.0
35
249.3 ± 22.1
40
548.1 ± 75.8
45
837.0 ± 125.3
50
616.3 ± 74.93
BBS 2
55
1017.4 ± 19.02
60
899.7 ± 126.9
65
377.0 ± 85.6
70
832.4 ± 78.9
25
4.67 ± 1.83
30
10.5 ± 5.52
40
24.8 ± 10.3
45
42.1 ± 6.67
LSUC
50
68.8 ± 0.42
55
66.8 ± 14.7
60
62.8 ± 6.20
65
34.4 ± 6.42
70
2.33 ± 2.33
Table B.5. CO uptake rates (µmol gdw-1 d-1) for varying CO concentrations (%) LSU-cultivated
(LSUC) and Bluebonnet Swamp Forest (BBSF). All uptake rates are means ± 1 standard error.
Site
CO concentration CO uptake Rate
0.01
0.15 ± 0.01
0.1
0.18 ± 0.03
1
0.84 ± 0.14
5
0.85 ± 0.43
LSUC
10
3.18 ± 0.24
15
3.98 ± 0.78
20
5.04 ± 1.02
25
6.46 ± 0.08
0.01
2.71 ± 0.22
0.1
2.17 ± 0.15
1
4.69 ± 0.09
BBSF
10
0
15
0
20
0
25
0
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Table B.6. Apparent lag times (d) for 25% CO at varying temperatures for sites BBS (Trial 1 and
Trial 2) and LSU-cultivated. All lag times are means ± 1 standard error.
Site
Temperature
Apparent Lag time
25
8.0 ± 0.7
30
4.7 ± 0.5
BBS 1
40
2.4 ± 0.2
50
1.0 ± 0
60
0.7 ± 0
35
4.3 ± 0.4
40
2.1 ± 0
45
1.6 ± 0
50
0.7 ± 0
BBS 2
55
1.1 ± 0
60
0.7 ± 0
65
0.7 ± 0
70
0.8 ± 0.2
25
38.8 ± 8.1
30
13.7 ± 0
40
12.4 ± 3
45
7.3 ± 1.9
LSUC
50
4.0 ± 0.3
55
4.2 ± 1.3
60
3.2 ± 0.8
65
5.0 ± 1.8
70
2.6 ± 0
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